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Microscale manipulation has very promising potential in medical applications such as drug
delivery, minimal and invasion surgery. Contactless control is preferable as remote manipulation
is necessary for in vivo applications. Among different control methods, magnetic power source is
more suitable and robust for the applications mentioned above. Presented here is a magnetic
tweezer system, which manipulates microscale magnetic particles using magnetic forces created
by magnetic field gradient. The proposed system has three advantages: First, force applied by the
magnetic tweezer system does not contact with the target object and can be generated in different
directions. Second, the magnetic tweezer system can apply strong force to accomplish more
operations like cell penetration. Third, magnetic forces can be applied specifically to the magnetic
particles as most biological materials are free from magnetic influence. The design, development,
simulation, and experiment demonstration are presented, and future work combined with haptics
for teleoperation is illustrated, which will be very promising for remote surgery and drug delivery
applications. The system introduced in this dissertation is able to achieve a magnetic gradient field
v

as high as 0.8 T/m and capable of exciting micromanipulation with open/closed loop control in
2D/3D. The integration with haptic interface also allows the magnetic tweezer system to perform
more micromanipulation tasks such as dynamic path planning and object transportation through
real-time teleoperation.
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CHAPTER 1 INTRODUCTION

Microrobotics is firstly known from the famous speech by Dr. Feynman on his “There is
plenty of room at the bottom” [1] speech in 1959 during the APS meeting, where he predicts that
an enormous number of technical applications will thrive from this small scale field. Similar
concepts also came out in the film industry envisioning the potential in microrobotics industry,
such as ‘The Fantastic Voyage,’ ‘Innerspace’ and ‘Big Hero 6. During the past several decades,
the rapid development of microfabrication, mechatronics and microscopy made it possible for
microrobots in the medical field to evolve into various forms with different actuation mechanisms
[2, 3], and the development for medical applications such as cell penetration [4-8], drug delivery
[9-19], minimal and almost innocuous invasion surgery [20-24] has since become very promising
[25-32].
Micromanipulation mechanisms to control microrobots can be classified as generating an
external force [33-35] or applying a rotating control signal to generate magnetic torque [36, 37] to
manipulate a target for designated operation. On the microscale, methods to generate force and
momentum are limited to optical, mechanical, electrical, and magnetic methods, with developed
applications such as photonic force microscopy (PFM), electromagnetic coils, microcantilevers in
atomic force microscopy (AFM), optical tweezers, and magnetic tweezers being widely utilized in
the fields of microrobots, biophysics and cell biology [34, 36, 38-43].
AFM requires the use of a probe having direct, unbroken contact with the sample, causing
sample distortion and contamination during experimentation [44]. Optical tweezer uses optical
1

force to capture the target with a strongly focused laser beam, which can produce extraordinarily
high forces for optically based systems (10~100 pN) [34, 45], however, control on a swarm of
microrobots to perform bulk drug delivery together using optical actuation method is still in its
infancy [46]. The other disadvantage of optical tweezers is that for in vivo applications, it will
capture anything with a refractive index that differs from the background, resulting in that they
will not only control the microrobots, but they will also affect the surrounding biological tissues
and thus bring disturbances to further operation [34, 45, 47]. For example, when manipulating
microrobots through a cell, if the difference between microrobot and cell composition diminishes,
control commands will also have influence on the cell and bring potential harm to the integrity of
the organisms.
3D Helmholtz coil systems generate a rotating uniform magnetic field, which induces a
torque interaction between the system and the controlled magnetic object. Control of the
microrobots, in this case, follows two basic mechanisms for motion in a Newtonian fluid [48-50]:
chirality (helical structure swimmers, etc.) and flexibility (such as sperm-like swimmers) [51-62].
The coil system configuration is relatively simple, while the transformation of rotating magnetic
field into actual swimming motion is more complex, as motion is highly impacted by the shape,
rigidity, and magnetism of the microrobots.
Magnetic tweezer system, which manipulates microscale magnetic particles using
magnetic force created by a magnetic gradient field, has three advantages among all those tools
mentioned above according to [34, 39, 40, 63-69]. First, the force applied by the magnetic tweezer
system does not contact with the target object and can be generated in different directions, thus the
target object is not damaged by invasive behaviors, such as penetration by the cantilever in AFM.
Second, compared to electromagnetic coil system, a magnetic tweezer system does not require the
2

chirality of the microrobot to have a nonreciprocal motion to swim in low Reynolds number
environment and can apply a stronger force to achieve more operations like cell penetration [70].
Third, unlike the drawback of optical tweezers, magnetic forces can be applied specifically to the
magnetic particles as most biological materials are free from magnetic influence [38, 41, 71].
During the past decades, similar systems have been developed by other research groups for
different purposes of actuation and measurement [26-28, 33, 34, 38, 39, 64-69, 72-81]. The
gradient of the magnetic field is necessary for a magnetic tweezer system to generate the magnetic
force on the magnetic particles. Hence, the magnetic tweezer system usually employs magnetic
coils to produce high magnetic flux near the sharp tips of magnetic poles, which could produce
high magnetic gradient field near the poles, but also cause considerable heating under high current
[71, 82] for in vivo applications. Here we manufactured the magnetic yoke by 3D printing using
ferromagnetic material to elevate the performance while maintaining current input at low levels so
that the heating issue within the working space can be significantly alleviated. To induce adequate
force, sharp-tipped magnetic poles with high magnetic field saturation should be required so that
the magnetic flux generated from the electromagnetic coil can be strongly released outward from
the tip, then a high magnetic gradient field will be formed around the proximity of the pole tip and
the magnetic force can be produced by dipole interaction with a magnetic microrobot [71]. As
magnetic field strength decreases drastically away from the pole tip [71, 83, 84], high power output
is necessary for generating sufficient magnetic gradient field within a large working space. Also,
as one magnetic pole can only apply single direction force, one needs to have multiple magnetic
poles oriented in different directions in order to generate forces in multiple directions. To make
2D control, 3 or 4 poles symmetrically placed in the same plane is necessary [79] while a six-pole
structure with three poles on each of the top and bottom plane can lead to 3D control [85, 86]. So
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far, most of the developed magnetic tweezer systems have a very small working space and a limited
range of magnetic force due to low power output. However, the magnetic tweezer system we
developed shows superior performance compared to the designs from other research groups. For
power generation, each of the coils has 527 turns and can provide up to 630 Ampere-turn (with
current input of 1.2 A) to generate the magnetic field. The effective working space from simulation
results and experimental experience is about 1.5 mm × 1.5 mm on the x-y plane and 0.5 mm on zdirection, enabling experimentation with larger groups of microrobots. The six magnetic poles are
aligned naturally on a tilted Cartesian coordinate system so that computation for rotation between
actuation and measurement coordinates is simplified [76, 85, 87, 88]. 3D printing technology was
utilized for this system design as it allowed fabrication of the hexagonal magnetic yokes with
ferromagnetic material that makes the yokes lighter and easier to machine. The utilization of
magnetic material for the yoke also introduces high magnetic permeability to further strengthen
the generated magnetic gradient field, while other designs [76] only used non-magnetic material
for the fabrication. For other parts, 3D printing also introduces more flexibility during design and
construction stage, such as the design we achieved to make the placement and extraction of
samples more convenient. The magnetic tweezer we implemented in this work was designed to
have a stronger magnetic gradient field so that it is able to generate high magnetic force for
controlling a swarm of microrobots to perform 3D swarm motion. This is a valuable capability not
available in other systems. Swarm motion of microrobots could be important for applications like
drug delivery and cell therapy, as the ability to carry drug or other payload of a single microrobot
is usually limited, so bulky transportation is necessary.
Though some other groups have designed similar systems, their work usually concentrate
on the simulation part and just did simple experimental demonstrations to show how the system
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works. However, we deployed the system totally for complex experiments with microrobotics.
Through the design, simulation, implementation, and experimentation of our 3D magnetic tweezer
system, we demonstrate that the system can navigate microrobots on the desired trajectories with
swarm motion in 2D and 3D. We proved that the suggested magnetic tweezer has enough power
and the controllability to manipulate microrobots in both Newtonian and non-Newtonian fluid
environments. The power source is integrated into the magnetic tweezer system through control
algorithms based on MATLAB and LabVIEW; image processing was used for 2D and 3D realtime tracking as well as post-analysis of experiment data. The numerical magnetic field profile
was simulated, and the results were compared with experimental measurement of the actual
magnetic field in the designed system, which shows the relatively larger working space and force
generation ability compared to other designs. Several tasks were accomplished, such as open loop
trajectory control, obstacle avoidance, movement against micro-flow, 2D and 3D closed loop
control, and swarm motion. The system was also optimized to be integrated with a haptics platform
for long distance teleoperation and the final goal is to deploy it into in vivo based environments.

5

CHAPTER 2 DESIGN AND MODELLING

2.1 Magnetic Tweezer System Hardware Integration

Fig. 2-1. Magnetic tweezer CAD model with illustration of measurement and actuation coordinate
systems.

High magnetic permeability and magnetic saturation material are necessary for the poles
to achieve the high-power output by the generated magnetic field from the pole tips. The poles
were made of cobalt iron (VACOFLUX 50 from VACUUMSCHMELZE GmbH & Co.KG) that
has a high saturation (2.35 T) feature and functional machinability for manufacturing of the sharptipped shape. The electromagnetic coils were made from AWG-25 heavy-built insulation coating
copper wire with 527 turns for each coil. Six magnetic coils were positioned on the two yokes at
the end of each pole, as shown in Fig. 2-1 [39, 41, 86]. Sharp pole tips were fabricated using laser
cutting technology by Polaris Laser Laminations, LLC for the coarse shape. Further improvement
of the tip shapes was individually optimized through machining. The tip shape uniformity is very
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easy to be broken due to the extremely small dimension (average tip radius is about 40 μm as
shown in Fig. 2-2 [40]) and machining resolution limitations. Six magnetic poles are fixed in pairs
on top and bottom yokes to form an inclined Cartesian coordinate system, which is the actuation

Fig. 2-2. Magnetic tweezer tips of the top assembly (a) Right tweezer tip, (b) Left tweezer tip, (c)
Upward located tweezer tip. The scale bar is set to 100 μm.

coordinate system shown in Fig. 2-1. Through coordinate rotation, the measurement coordinate
system is obtained. The angle between Xa and Xm is 35.26°, Ya and Ym is 45.00°, Za and Zm is 54.74°.
The 3D printed hexagonal magnetic platform can form a closed magnetic circuit in the
system to reduce the exciting current [40, 85] necessary for generating the magnetic field gradient
and improve the efficiency of the magnetic field generation ability, which also helped reduce
heating issues [40, 87]. The sample disk, which is also 3D printed, was installed on the microscope
platform to connect upper and lower yokes as well as holding the whole system onto the
microscope. Fig. 2-3 [41, 89] illustrates the system connections setup and data flow.
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The integrated magnetic tweezer system was installed on an Olympus IX50 inverted
system microscope. A color camera (Pixelink D734CU-T) and an Olympus 40× objective lens
were installed on the microscope for image acquisition and visualization. Three power sources
(GW Instek Programmable Digital AC/DC Power Supply) were connected with three relays
(AXICOM D3023), respectively. Each relay controls the current output direction of one pair of
coils that is co-axially aligned through the National Instruments SCB-68A Connector Block, which
accepts and sends control signals from the customized control algorithm to generate a magnetic
field in arbitrary directions [39-41, 86, 89]. Through simulation results and experimental

Fig. 2-3. Magnetic tweezer system setup, blue line represents power output, black line represents control
signals and orange line represents final control output.
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experience, the effective working space is about 1.5 mm × 1.5 mm × 0.5 mm. A
polydimethylsiloxane (PDMS) chamber with dimension of 1.5 mm × 1.5 mm is used in the
working space on the sample disk for the solution samples for experiments.
As this system utilizes a magnetic field gradient mechanism directly to generate magnetic
force, it will not require a high current frequency to produce a rotating magnetic field like
electromagnetic coil system [36, 51, 55]. Even though the hysteresis effect is presented in this
material, which will cause considerable heat during high-frequency operation, it still fulfills our
demand as the system is designed to be operated within 15 Hz and the heating issue caused by the
poles is negligible [87]. As such, natural convection is more than satisfactory for the regular
experiment, which can be seen from the temperature measurement data in Fig. 2-4 [86]. We used
a Fluke 51 ii digital thermometer with probe dimeter of 0.9 mm to attach to different components
for measurement. For the measurement on magnetic poles, we placed the probe near the sharp tip
to get measurement as close as possible while avoiding damage to the tip. The results are recorded
with a time scale of 10 minutes with different current inputs, which are the regular time length for
our experiment. Coil temperature increases quickly under high current while the temperatures in
magnetic poles and the sample chamber are negligible. Under this situation, the system does not
need an extra cooling method as natural heat dissipation is sufficient for the experiment purpose.
After eliminating the production and position error during the installation process, each
pole on the same plane has a gap of 3.67 mm, the distance between the top and bottom planes are
2.04 mm. The magnetic tweezer system we built surpasses the other research groups’
configurations in terms of working space, power generation ability and 3D printing using
magnetized material. A comparison is also shown in Table 1 [39, 71, 76, 82, 85]. While our new
magnetic tweezer system has higher or equivalent magnetic field strength, it is achieved through a
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much longer distance from the pole to the center, which means the effective working space is
larger. Moreover, the working space and number of coil turns are considerably larger than the
others, which will bring more potential in the further exploration of research tasks such as cell
penetration, and object transportation.

Fig. 2-4. Temperature increases under different currents on each part of magnetic tweezer system.
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Table 1. Comparison of Different Groups Work
Property

Our group

Menq’s group [71, 85, 87]

Krause’s group [76]

527

50

240

6 mT in the center

3 mT in the center

8 mT in the center

Coil Turns
Magnetic field strength
Working Space

Less than 0.9×0.9×0.5
60×60 μm2

1.5×1.5×0.5 mm3

mm3

(X×Y×Z)

2.2 Fabrication of Microrobot
Microrobots were fabricated by mixing the Streptavidin Coated Ferromagnetic Particles
(commercially available from SpheroTech with diameters of 4.21 μm or 10.6 μm) with 20% w/v
NaCl or 0.5% w/v synthetic mucus to get a 1% v/v concentration sample solution for different
experiments. Mucus is primarily composed of mucin glycoproteins, DNA, lipids, salts, cells, and
cellular debris. It exists throughout a living animal’s body, with very distinct viscoelastic
properties. Mucin is the primary component of mucus responsible for non-Newtonian effects with
shear thinning property [48, 55, 56, 61]. The viscosity in the synthetic mucus was not homogenous
and there were a lot of bulky particles existing in the flow, which provide excellent conditions for
simulating in vivo environments [48, 90]. Thus, we used a solution of 0.5% synthetic mucus
(Sigma-Aldrich M2378-100G mucin extracted from a porcine stomach and mixed with deionized
water at concentrations of 3-5%) for demonstrating the motion in a non-Newtonian fluid
environment as well as obstacle avoidance. The solution is vortexed with a VWR Vortex mixer
for ~30 seconds and then magnetized by approaching a permanent magnet for ~15 seconds before
injecting into the experiment chamber [39-41, 86, 89]. Microbeads in the solution may randomly
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combine with each other in the solution to from multi-bead microrobots through magnetic dipole
interaction. The chamber was then covered by a thin glass slide to protect the solution from
disturbances caused by air flow and vaporization, and to prevent it from contaminating the poles.
For microrobots composed of multiple beads, chain structures are formed due to the
magnetic dipole interaction of the beads, which provides a sufficiently strong connection for the
motion under magnetic field gradient, but it can be easily broken under sudden external control
signal change, such as fast spinning and fluid dynamic resistance caused by a high viscosity fluid.
Randomly mixing the microbeads leads to microrobots with different lengths. For our experiment

Fig. 2-5. Spheric magnetic beads in fluidic environment. The beads have diameter of ~10.6 μm.
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demonstration, we mainly focus on microrobots composed of equal to or less than 3 beads [37].
Fig. 2-5 shows the distribution after mixing.
2.3 Modeling for Force Generation
The force modeling contains three parts: direction vector normalization, coordinate
transformation, and voltage input amplification for power output. A minimal number of three
different direction orthogonal forces are necessary for 3D control [39-41, 71, 86, 89]. The
localization of magnetic poles in the actuation coordinate system can be simply understood by
imagining a face-centered cubic structure [40, 88] where the face centers are the accurate positions
for all the poles. The measurement coordinate system is arbitrarily defined as indicated in Fig. 2-1
that also shows the magnetic tweezer system CAD model. The transformation matrix from the
measurement coordinate system to the actuation coordinate system is computed as in Eq. (2-1)
𝒂
𝒎𝑹

= [𝑹𝒙 (45°)][𝑹𝒚 (35.26°)]
0.8165
= [0.4082
0.4082

0
0.7071
−0.7071

−0.5774
0.5774 ]
0.5774

(2-1)

where 𝑹𝒙 and 𝑹𝒚 are the rotation matrices for space-fixed coordinate transformation around x-axis
and y-axis, respectively. When the direction vector, Xm, in the measurement coordinate system is
given from the user or the closed loop control algorithm, 𝒎𝒂𝑹 will transform it into vector Xa in the
actuation coordinate system as in Eq. (2-2):
𝑥𝑎
𝑿𝒂= [𝑦𝑎 ] =
𝑧𝑎

𝒂
𝒎𝑹

𝑥𝑚
∙ [𝑦𝑚 ] = 𝒎𝒂𝑹 ∙ 𝑿𝒎
𝑧𝑚
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(2-2)

̂𝒂 =
𝑿

𝑿𝒂
|𝑿𝒂 |

(2-3)

Once Xa is obtained, the control algorithm will normalize it into X̂a to get the unit output
ratio, it then is combined with gain parameter given by user to generate the power supply output.
Depending on the magnitude of the gain parameter set by user, an amplifying factor Kg is applied
to X̂a. A compensation vector Kc for current input which was determined through experimental
calibration with value of [0.04 0.01 0.01]T (Ampere), is also taken into consideration to
compensate the power output error caused by the deviation of pole shapes, resistances on different
coils and the corresponding circuits. The final current output If in each direction is shown in Eq.
(2-4).
𝐼𝑥
𝐾𝑐𝑥
̂ 𝒂 + 𝑲𝒄
𝑲𝒄 = [𝐾𝑐𝑦 ], 𝑰𝒇 = [𝐼𝑦 ] = 𝐾𝑔 ∙ 𝑿
𝐼𝑦
𝑘𝑐𝑧

(2-4)

Currents from the power supplies will flow through the relays instantly and be directed to
appropriate coils for charging depending on the signs of each component in X̂a, which causes in
the microrobot to move along desired direction in the measurement coordinate system. According
to [71], the magnetic field generated from three poles can be expressed as
4𝜋 𝑞𝑖

𝑩 = ∑3𝑖=1 𝜇

2
0 𝑟𝑖

(2-5)

𝒖𝒊 ,

𝑸 = [𝑞1 𝑞 2 𝑞 3 ]𝑻 ,
(2-6)
𝑸=

𝑁𝑐
𝑰
𝜇 0 ℜ𝑎 𝒇

B is the magnetic flux density, ri is the distance from the magnetic pole tip to the magnetic
microrobot, μ0 is the permeability of free space (vacuum), qi is the magnetic charge defined by q
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=Φ/μ0, Φ is the magnetic flux, and ui is the unit vector pointing from the magnetic charge to the
magnetic microrobot. ℜa is the reluctance between the pole tip and the working space center, and
Nc is the number of turns of the coil. As the six poles in our system are not connected to the same
yoke as in [71] , the KI matrix in the vector of magnetic charges Q can be neglected. At the same
time, there will only be 3 magnetic poles at most that are activated, which leads to Q = [q1 q2 q3]T.
From Eq. (2-5) and Eq.
(2-6), the force generated from a single pole on a single bead can be expressed as [40, 91]
𝑭 = (𝒎 ∙ 𝛁)𝑩

with 𝒎 =

(2-7)

𝜋𝑑 3 𝜇 − 𝜇0
(
)𝑩
2𝜇0 𝜇 + 2𝜇0

(2-8)

where m is the magnetic moment of the microrobot, μ is the permeability of microrobot, and d is
the effective diameter of microrobot. A stronger magnetic moment can be obtained if a microrobot
is composed of more microbeads as the effective diameter will be larger. For locations far from
the pole tips, the resultant force can be expressed as the superposition of force vectors in three
directions. To get a stronger force generation, it is essential to increase the power input or
manipulate microrobots composed of more particles as the generated magnetic force is related to
both magnetic gradient field and magnetic moment of the microrobot.
When the system is activated, microrobot will reach steady state rapidly, thus we can also
calculate the magnetic force by computing the viscous drag force. By using modified Stoke’s law
[81], we can get the viscous drag force as
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𝑭𝒗𝒊𝒔𝒄𝒐𝒖𝒔 = 𝑭𝒎𝒂𝒈𝒏𝒆𝒕𝒊𝒄 = 6π𝜂𝑟𝒗(1 +

9𝑟
)
16ℎ

(2-9)

where η is the viscosity of the solution, r and v are the radius and speed of the microrobot,
respectively, and h is the distance between the centroid of microrobot and the chamber wall Since
h is much larger than r, the last term in Eq. (2-9) can be neglected. Also, the magnitues of the
gravitational and the buoyancy forces are similar for the type of particle we used in 20% w/v NaCl
solution and are much lower compared with the magnetic force, so both can be considered
negligible. Therefore, viscous drag will directly equal the magnetic force produced by the magnetic
tweezer system and we can utilize this relationship for force analysis in post-experiment data
analysis.
The force generation model shown above is embedded in the LabVIEW-based system for
open loop control and the MATLAB-based system for closed loop control. By receiving the
direction and magnitude input from the user or feedback control algorithm and observing the
motion by the camera, the computed control input will manipulate power supplies and relays to
generate the corresponding current output. Then, the arbitrary magnetic gradient field will be
generated and direct microrobots for different tasks.
2.4 Magnetic Tweezer System Control Software Illustration
There are two different control software configurations developed specifically for our
magnetic tweezer system, one for manual control, developed in LabVIEW, and the other one for
feedback control, programmed with MATLAB, both of which require integration with 3rd party
drivers provided by the camera and power supply manufacturers.
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2.4.1 Open Loop Control
The manually controlled algorithm consists of three major parts shown in Fig. 2-6(a) [39].
The controller itself utilizes a proportional control mechanism to give control output from power

Fig. 2-6. (a) Functions of open loop control interface. (b) Open loop control diagram.

supplies based on the gain magnitude given by user. As shown in Fig. 2-6(b), the desired motion
vector is given by user through the interface as user observes microrobot motion in real-time. The
motion vector is then amplified by the gain parameter set by user and sent to power output control
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part. The power supply control operates the three power supplies based on the output vector
obtained from motion vector and the relays redirect current to the different coils for each pair based
on the negative or positive sign of the power output vector. Camera control functionality
configures image capture specifications, such as image type, exposure time, frame rate and
resolution. Normally high resolution and exposure time will set limitations on the frame rate. The
experimental video is recorded during every experiment and saved afterward. Real-time image
processing presets tracking parameters such as the threshold for the binary image, targeted
microrobot area size, and a region of interest of the recorded area. It then automatically records
necessary information during the experiment, including object trajectory, time, corresponding
power output and so on for post-experiment data analysis.
2.4.2 Closed Loop Control
The closed-loop control interface was created using a MATLAB graphical user interface.
Fig. 2-7 [41, 89] illustrates the flow of the control algorithm. We deployed a proportional controller
with the gain parameter adjustable by the user during the experiment. The equation of motion is
expressed as

Fig. 2-7. Magnetic tweezers system closed-loop control diagram.
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𝑚𝒙̈ = 𝒇𝑚 − 𝒇𝑑

(2-10)

with 𝒇𝑑 as drag force in the fluid and 𝒇𝑚 as magnetic force from Eq. (2-4) to Eq. (2-8) given by
controller. Drag force will be balanced by magnetic force at steady state and thus the microrobot
can move steadily in the chamber. After the desired location is given by the user, the algorithm
will process the images captured from the camera to get the direction vector and area information
of the target microrobot using real-time tracking. The algorithm then calculates the motion vector
based on the direction vector as shown in Eq. (2-11), where 𝑃𝑡 and 𝑃𝑐 are target point and current
𝑿𝒎 = 𝑷𝒕 − 𝑷𝒄

(2-11)

point, respectively. The motion vector in measurement coordinate system is converted to
coordinates in the actuation coordinate system and is normalized as shown in Eq. (2-2) and Eq.
(2-3). Then the algorithm will check if the microrobot is within 50 pixels from the target. If yes,
the power output magnitude will be decreased proportionally based on the distance to the target
and this magnitude is applied based on the normalized motion vector for actuation to avoid
overshooting. If microrobot is still far from the target, the power output gain parameter will be
fully applied to the normalized motion vector. Once the final power output is confirmed, the relays
will activate one of the coils in each pair by comparing the negative or positive sign of the force
vector and direct the current to the appropriate magnetic poles on the magnetic tweezer system.
The power supplies have a preset output limit to protect the coils and circuit from overheating.
2.5 Conclusion
In conclusion, this chapter illustrated the hardware design, fabrication of microrobots,
system force modelling, control software development and implementation of the hexagonal 3D
magnetic tweezer system. Hardware components and their integration to the system were
described. The material and methods for fabricating microrobots were explained in detail.
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Temperature performance of the system was investigated. Mechanisms of open loop and closed
loop control algorithms were illustrated in the software development part to clearly define the
workflow of how the system operates in real-time. The fundamental principles of force modelling
for 3D magnetic force generation with coordinate transformation between the actuation coordinate
system and the measurement coordinate system were presented. All parts mentioned above
constitute the magnetic tweezer system we built for the investigation of wireless manipulation of
microrobots.
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CHAPTER 3 SIMULATION AND MEASUREMENT COMPARISON

To validate the magnetic field profile of magnetic tweezer system, we compared the
simulation and experimental results. The force generation model derived in the previous chapter
was utilized for simulation analysis. The CAD model shown in Fig. 2-1 was imported into
COMSOL Multiphysics to perform a magnetostatic linear simulation. In the simulation, only one
pole was activated with an input current of 1 A. Also, to assure correspondence between simulation
and experiment, the magnetic pole tip shape in the CAD model was adjusted by measuring the tip
radius in the actual system before we proceeded with the simulation. All the other specifications,
such as air permeability and density, conductance of coils and poles, were chosen under room
temperature and standard pressure. For measuring the magnitude of the magnetic field in the
experimental setup, a Metrolab THM1176-HFC magnetometer probe was used, the probe has
measuring range of µT to 14 T, DC to 1 kHz with ±1% accuracy. The position of the measuring
point was located by a Deltron 2202 XY Linear Translation Stage with a resolution of 0.01 mm
for x-y plane measurement, and an Edmund Coarse/Fine Movement, ¼-20 w/ Rotation, Rack &
Pinion with resolutions of 0.25 mm (coarse) and 0.03 mm (fine) for vertical motion to measure
different z-direction layers. The power input was set to be the same current value with the one in
simulation applied to the pole for the positive direction of Xa.
3.1 Experimental Measurement
The measured magnetic fields on three x-y planes of z = 0.5 mm, 1.6 mm and 2.5 mm are
shown in Fig. 3-1(a). A total of 21 points were chosen on each plane following the measuring
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trajectory in Fig. 3-1(b). Each point was measured for 15 seconds with sampling rate of 100 Hz
and then the average value was computed. The hexagon shape represents the top view of the
magnetic tweezer system and the six corners are the poles on top and bottom planes. The overall
measured area was selected to be larger than the effective working space in order to acquire the
global magnetic field distribution, which enables us to have enough data for further comparison
with simulation results. The longest measuring distance was 5 mm, which is between point 9 and
13.
In Fig. 3-1(a), we can see that as the activated pole was located on the bottom plane, so the
magnetic field strength on those planes decreases as the distance increases. In addition, on
symmetric points such as points 1 and 3, points 4 and 8, points 9 and 13, the absolute values of
magnetic field are almost the same, and this indicates that the generated magnetic field is
symmetric about the axis of the activated pole, which follows the physics in general. The magnetic

Fig. 3-1. Magnetic field measured under a 1 A current. (a) magnetic field strength in Xa positive direction.
(b) measuring trajectory for data collection.
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field in the center achieved by single magnetic pole can reach up to 6 mT under this current input
When the input current is increased or decreased, the magnetic field strength and gradient will
simultaneously be higher or lower.
3.2 Magnetic Field on x-y Planes
In Fig. 3-2, a color map of the three-dimensional magnetic field distribution in the working
space is constructed for both the experiment and the simulation to give a clear comparison and
understanding. The obtained experimental data were numerically interpolated to get the full profile
of the magnetic field over the working space, which is shown in Fig. 3-2(c) and (d). Fig. 3-2(a)

Fig. 3-2. Magnetic field comparison between simulation and experiment on x-y plane. Blue arrows in
contours indicate the magnetic flux direction. (a) simulation result on z = 0.5 mm, (b) simulation 3D view
result. (c) experiment result on z = 0.5 mm, (d) experiment 3D view result.
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and (b) shows the corresponding simulation results. When the distance in the z-direction is too far
from the pole, the generated magnetic field will be relatively unchanged in the working space,
which results in the magnetic field gradient being diminished as shown in the top plane in Fig.
3-2(b) and (d). Therefore, the effective working space along the z-direction is set to be 0.5 mm for
evaluating the data. In the central area of the working space, the magnetic gradient field is smoothly
and uniformly distributed, which indicates that the magnetic field gradient will also have the same
property and produce uniform magnetic force. The simulation result shows a few tooth-shape
changes in the center, which is caused by the meshing limitation of the pole tip in the simulation
model. Because the dimension of the tip is extremely small compared to the overall system shape,
and the configuration of meshing size across the whole object cannot have a tremendous deviation,
it is necessary to find the balance between suitable meshing size of the CAD model and acceptable
simulation time. As a result of data analysis, the magnetic field gradient between -0.75 mm and
0.75 mm along the x-axis is uniformly distributed with a strength of 0.8 T/m in the direction of the
released magnetic flux from the activated pole.
The uniform magnetic field gradient in the working space provides consistent magnetic
force and makes it adaptable to deploy the force model into our control algorithm for microrobot
manipulation. To study the important relationship between the experiment and the simulation for
validating the feasibility of implementing a theoretical control model into a practical system setup,
a detailed comparison of the experiment and simulation results is shown in Fig. 3-3. Three lines at
z = 0.5 mm parallel with the activated pole were chosen to find the magnetic field values on them.
Left (y = ‒0.75 mm) and right (y = 0.75 mm) lines in Fig. 3-3 represent the effective working space
boundaries on both sides. The magnetic field strengths show strong matches with an error variance
of less than 8% within effective working space between simulation and experiment results. The
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decreasing trend of the magnetic field is linear with the distance from the pole, illustrating the

Fig. 3-3. Magnetic field quantitative analysis on center, left and right lines on z = 0.5 mm in the effective
working space. Magnetic field strength on (a) center line (y = 0 mm). (b) left line (y = -0.75 mm). (c)
right line (y = -0.75 mm). (d) error rate between experiment and simulation, flat dotted line is the 8%
error rate, effective working space range is in red.

uniform magnetic field gradient distribution seen in the contours in Fig. 3-2. For the comparison
between theoretical and experimental results, the slope of the relationship between the magnetic
field and the distance from the pole in the simulation is slightly steeper on all three lines. The
variance might be caused by the difference of air properties between actual experiment and
simulation, as well as the magnetic pole manufacturing limitation, which shows acceptable
deviations for implementing the design into the actual system as the error rate shown in Fig. 3-3(d)
is low in our desired working space range. The left and right lines have a relatively smaller
magnetic field magnitude as the locations in those two areas are always further than that on the
center line from the pole.
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3.3 Magnetic Field on x-z Plane
The magnetic field along vertical direction was also analyzed to investigate the effective
working space range. Three planes with y= ‒1, 0, 1 mm were selected for extracting data from the
simulation result. In the case of experimental measurements, there was a limitation to measure
with respect to z-direction because of the difficulty to access the specific position using the probe.
However, according to the analysis in section 3.1 on x-y planes, it is acceptable to assume similar
matching result between the measurement and simulation result for z plane. The 3D magnetic field
shown in Fig. 3-4(a) implies that magnetic fields on all the planes have a uniform distribution,
even in a longer distance between the measuring x-z planes comparing to our effective working
space. Thus, the distribution within this area must be similar in the z-direction. The contours in
Fig. 3-4(b) show that the magnetic field gradient distribution on all x-z planes are uniform, the
force model we introduced in the system can also follow the same trend as what we learned from
Fig. 3-2. By superposing the force generated from several activated poles through the direction
vector we arbitrarily set as the input in the force generation model, precise and versatile resultant
force can be generated in the effective working space.
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Fig. 3-4. Magnetic field of simulation on x-z planes with y = −1, 0, and1 mm. (a) Magnetic field on three
x-z planes. (b) Magnetic field on y = 1.25 mm simulation. Red arrows in (b) indicate the magnetic flux
direction.
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3.4 Conclusion
In this chapter, magnetic tweezer system performance is validated through comparison
between simulation and experimental data. Actual magnetic field strength was measured and
interpolated to build up the magnetic field map within working space, which was then compared
to the simulation results conducted under same working parameters, such as magnetic pole location
and current input magnitude. The error rate between simulation and experiment was calculated
and considered under acceptable range. The main purpose for the comparison between simulation
and experiment is for validating the system performance. After validating the simulation results
for an ideal system, we can then forecast the magnetic distribution in the actual results systems
based on simulation for magnetic field estimation for locations that cannot be easily measured
physically, such as locations along x-z planes. The simulation results match with our measurement
results closely, which indicates the designed system is well developed with proper magnetic
gradient field generation ability.

28

CHAPTER 4 EXPERIMENT RESULTS AND DISCUSSION

4.1 Relationship between Speed and Current
By adjusting the focal plane and examining the 20% NaCl sample solution in the central
area, a 10.6 μm single bead microrobot was chosen to collect the velocity data under the actuation
of a single pole. The experiments were proceeded by varying the voltage from 1 V to 10 V with a
linearly increasing current trend from 0.11 A ~ 1.33 A. Then the velocity was measured from
recording the swimming motion for more than 35 s under the same current. Using image processing

Fig. 4-1. The relationship between velocity of a single magnetic microbead and applied current. The
error bars indicate the standard deviation of velocity data in each test.
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and object tracking, the trajectory of the motion was obtained to get the mean and error along with
the current relationship. After every experiment was performed, the microrobot was navigated
back to the original location to ensure the same condition of surroundings except the control input
current. According to Fig. 4-1, velocities of the microrobots stay almost to zero when current is
under 0.38 A, which is the exciting current needed to overcome the resistance of surface friction
when particles settle to the bottom of substrate. After the system passes the exciting current, the
relationship between velocity and current is nearly linear, which is consistent with the relationship
between current input and magnetic force if all other parameters in Eq. (2-7) are constant. With
current input known, we will be able to estimate the magnitude of the magnetic field, while the
relationship mentioned here can serve as an intuitive reference between current input and expected
velocity for 2D motion for future development of this work.
4.2 Motion Control Validation
In order to measure the control flexibility, such as microrobot force output and 3D motion,
we introduced single bead and multi-bead microrobots into the NaCl solution and synthetic mucus
samples. Both samples act as a mechanism to check the control algorithm capability and
microrobot performance when placed in a different medium. Through 2D motion experiments, the
directional control matches accurately with the microrobot heading direction with rapid response.
In 3D motion preliminary testing, SU-8 structures (epoxy-based negative photoresist, nonmagnetic) from microfabrication were deployed on the bottom of the sample acting as reference
objects to indicate the focal plane change. When the magnetic gradient field is activated in the
working space, the SU-8 structure will remain still on the bottom while microrobots moved upward
against the gravity force and finally be out of the focal plane. The relationship between the area
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size of a microrobot in binary image processing and z axis displacement from the focal plane is
then collected and utilized for real-time 3D tracking and closed loop control.
4.2.1 Control Flexibility and Obstacle Avoidance - Open loop
Complex trajectories could be achieved by operating the open loop control interface to
manipulate a single bead microrobot. In this case, we used it to spell out the initials of our
Biological Actuation, Sensing & Transport Laboratory in 20% w/v NaCl solution. Once
completed, the results were stitched together via object tracking and image processing. The ‘SMU
BAST’ lab trajectories are shown in Fig. 4-2. The currents vary in range on the three power

Fig. 4-2. SMU BAST lab trajectory. This is the same bead completing multiple trajectories which were
then superimposed into a single image. ∆𝑡 represents total time used for each trajectory.
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supplies between 0 A- 1.2 A, limited by the voltage protection preset in the control algorithm to
protect the system. During experimentation, user was able to visually recognize the microrobot
through the camera. Microrobots were then controlled by the desired way points given by the user
to move in the presence of external disturbances like Brownian motion and foreign substances.
Each trajectory was finished within 50 s with closely matched direction between the desired
motion vector and the output motion direction. This fundamental experiment proves the potential
of advanced control in the magnetic tweezer system to perform more complex operations such as
closed loop control and obstacle avoidance [88].
In Fig. 4-3(a), we used a solution of 0.5% synthetic mucus for the obstacle avoidance
demonstration. The viscosity of the solution was measured as between 0.1-0.02 Pa/S with shear
rate ranging between 1-100 (1/s) through preliminary work in [92]. We manipulated a two-bead
microrobot for the experiment, which produced a larger magnetic moment to generate stronger
magnetic force when compared to single bead microrobots. In comparison to the 20% NaCl
solution from Fig. 4-2, it is obvious that the traveling time for the relative path length in synthetic
mucus was higher. This is mainly caused by high and randomly varying viscosities and bulky
substances. When the microrobot became immobile due to the high viscosity or microstructures
inside the flow, we rotated the controllable magnetic gradient field direction while increasing the
power input to make the microrobot suddenly ‘jump’ or crawl (Left side of Fig. 4-3(a) and Fig.
4-3(b): the microrobot performed crawling several times, which are shown as the trajectory
direction changes drastically with corresponding high velocity and distinctive deviations). The
microrobot then successfully escaped from that area and continued the task with more stable
velocity profile. The two-bead microrobot traveled freely within the working area with a relatively
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slow average speed about 4 μm/s. Still, it is likely that with a higher power input and more optimal
control strategy, the speed performance can be substantially improved.

Fig. 4-3. (a) Controlled microrobot moving from bottom left to top first and then moving toward the
bottom right to avoid bulk particles in synthetic mucus. (b) velocity analysis in for motion in (a).
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4.2.2 Magnetic Force against Microflow - Open loop

Fig. 4-4. microrobot trajectory with background microflow. Black trajectories are swimming with
microflow, red trajectories are swimming against microflow under control input.

Presence of microflows is a very critical issue in microrobot applications due to its power
in disrupting microrobot motion, and microflows exist everywhere in in vivo environments. It is
noteworthy that swimming within microflows under controllable maneuverability is a challenge
that researchers need to overcome for further in vivo applications. To prove the performance of
our magnetic tweezer system, a three-bead microrobot shown in Fig. 4-4 was first freely drifting
downward without any control input, following the microflow in the chamber, which is indicted
as the vertical black trajectory on the right. After 2 s, the control started to engage, giving a
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direction control to the upper left corner with an increasing power input, which is shown as the
curved red trajectory on the bottom. The microrobot first maintained its motion downward while
also moving to the left. As power increases, direction of motion changed gradually and then finally
reversed. At 11 s, the control input was turned off and the microrobot drifted again for 2 s before
the control input was turned back on at 13 s. This is shown as the vertical short black and red
trajectories on the bottom. The microrobot then continued to move upward against the microflow
for another 6 s. By comparing the microrobot performance with/without control input, it can be
seen that the force generation provides enough power to actuate the microrobot in complicated
fluid environment.
4.2.3 2D Control for Specific Trajectory - Closed loop
Closed-loop 2D control using the magnetic tweezers system was achieved by controlling a
single particle microrobot to navigate to several way points on the x-y plane. The microrobot was
first navigated to a specific location before each experiment. Then it followed the arbitrary user
defined way points in sequence.
Fig. 4-5 shows the trajectories ‘SMU’ conducted from three experiments. The regular
power output was set to 1.5 A, allowing the microrobots to translate quickly while keeping the
temperature of the system low. In all cases, the microrobots could reach their intended destination
in a reasonable amount of time. The average speed for 2D motion was around 2.6 μm/s for single
bead microrobots. One thing worth mentioning is that at the beginning and end of the magenta
trajectory in ‘S’, the microrobot struggled to move under the applied control signal. This may have
been caused by the excessive surface friction and the presence of microflows. However, the
microrobot did eventually overcome these obstacles, guided by the control algorithm, and
proceeded to the target position. When the microrobot almost arrived at the junction between the
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Fig. 4-5. 2D trajectory of ‘SMU’. Blue circles represent the desired locations for each trajectory. Different
colors represent each trajectory between every two desired way points.

magenta and green trajectories, it went beyond the target position, but then was controlled back
automatically. This may be due to the limitation of the controller for not being able to adjust the
gain parameter adaptively when the user applies excessive power for control. Even with the
mechanism to decrease the power proportionally with decreased distance to target, overshooting
may still happen near the target as the approaching velocity is too high. However, this can be
addressed in the future with adaptive control or PID control to achieve more stable and precise
motion. A similar situation also occurred in trajectory ‘M’ at the junction of the magenta and green
trajectories This was corrected by retroactively changing the target destination. Aside from these
two deviant situations, the system could accurately guide the particles to their intended positions.
Trajectory ‘U’ shows a very stable motion in its trajectory since the fluid environment within this
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experiment sample was not influenced by microflows and the microrobot was not exposed to
excessive surface friction. The resulting trajectory was smooth and the microrobot maintained a
stable velocity.
In 2D motion, the error between microrobot location and the desired location was
maintained at less than 1.6 μm on all the target points, which is almost seven times smaller than
the size of the microrobot. To achieve a closer and more precise route to the target, we can set a
sequence of way points with short gap or use other control strategies with state control of both
location and velocity. This experiment demonstrates that the performance of the closed-loop
controller that minimizes the distance between microrobot and target location was very precise.
4.2.4 3D Motion Analysis

Fig. 4-6. Relationship between z-axis location and area size of a microrobot.

The 3D motion evaluation will provide evidence of additional capabilities of the
microrobots to complete versatile tasks in practical applications within both in vitro and in vivo
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environments. The current 3D motion phenomena achieved by the magnetic tweezer system can
be distinguished indirectly as there is only one camera mounted on the microscope. Location
information on the x-y plane can be obtained, so another method is required to get the z-location
of the microrobot [90, 93]. As the microscope has the feature to move the stage in a 2 μm resolution,
we collected the area size difference data of the microrobot under different focal planes, then a
quadratic relationship between area size S and z direction displacement is found and shown in Fig.
4-6, in which the collected data points closely match to the fitted curve relationship. When the
camera starts capturing images from the bottom (z = 0 μm) focal plane, the area size is at the
minimum, as microrobot is moving upward away from the focal plane, the area size S(μm2) will
increase, and the displacement Δz can be calculated as
𝑆 = a𝑧 2 + b𝑧 + c

(4-1)

𝑆𝑢𝑝 − 𝑆𝑏𝑜𝑡𝑡𝑜𝑚

(4-2)

= a(zup − 𝑧𝑏𝑜𝑡𝑡𝑜𝑚 )(𝑧𝑢𝑝 + 𝑧𝑏𝑜𝑡𝑡𝑜𝑚 ) + b(𝑧𝑢𝑝 − 𝑧𝑏𝑜𝑡𝑡𝑜𝑚 )
where constants a (dimensionless) and b (μm) are obtained from the relationship in Fig. 4-6 with
values of 0.2684 and 9.3746, respectively, and c is neglected as it will be canceled out as shown
in Eq. (4-2) when the bottom and top areas are compared. For all 3D motion experiments, the
bottom focal plane is arbitrarily set as zbottom = 0, thus
2
𝑆𝑢𝑝 − 𝑆𝑏𝑜𝑡𝑡𝑜𝑚 = a𝑧𝑢𝑝
+ b𝑧𝑢𝑝

with 𝑧𝑢𝑝 =

(4-3)

−b + √b 2 + 4a(𝑆𝑢𝑝 − 𝑆𝑏𝑜𝑡𝑡𝑜𝑚 )
2a

The area sizes S are known from real-time tracking and image processing.
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(4-4)

We first applied this algorithm to pre-collected data to extract the 3D motion information.
In the video frames in Fig. 4-7, SU-8 microstructures of the average diameter of 10 μm were
imported into the sample and sank onto the bottom as reference for z-axis direction recognition.
When adjusting the microscope focal plane away from the SU-8 objects, their patterns became
blurry and their imaged area increased [90]. Several directional vector inputs that included positive
z-direction control were then configured one by one to control the microrobot motion on x-y plane
while performing vertical motion, the x-y plane motion in this task is just for easier observation
for the microrobot at different time points. As we kept adjusting the microscope to focus on the
microrobot, the blurred background and increased SU-8 substance area size indicate that
microrobot has 3D motion and was able to overcome its own gravitational force to move upward.
At the beginning of the experiment, the microrobot (4.21 μm microbead) was placed on
the bottom surface of the experimental substrate with SU-8 obstacles, the microscope’s focal plane
was adjusted to the surface manually. Control inputs were then configured to navigate the
microrobot so that it moved upward in z-direction while also moving left and right on an x-y plane
to stay in the field of view. The 3D tracking method utilized in the post-image processing is based
on the relationship between z-direction distance and particle area size when defocused [90, 93].
The extracted 3D motion information is shown in Fig. 4-7(a), in which the green, black, and blue
dash lines represent the projections of the 3D trajectory (red solid line) on x-y, x-z, and y-z planes,
respectively. As the experiment continued, it was clear that the microrobot moved vertically from
the original focal plane in Fig. 4-7(b). The blurred background and obstacles with their increased
size indicate that microrobot was moving up, and the obtained 3D trajectory shows that the
movement in z-direction is comparable with the motion on a horizontal plane. The analysis from
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this testing result concludes that the generated magnetic force was strong enough to overcome the
friction on the substrate surface and microrobot’s own gravity force to move it upward.

Fig. 4-7. 3D motion of single bead microrobot. (a) trajectory of microrobot. (b) experimental images at the
different times shown in (a). Small black circular object is the microrobot, and the large white circular
objects represent SU-8 reference structures.
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4.2.5 3D Control for Specific Trajectory - Closed loop
3D closed loop control is more difficult and complicated than 2D and open loop control
since randomly distributed microflows play a larger role in influencing the motion of the
microrobot. Likewise, Brownian motion will also introduce noise to the 3D real-time tracking
algorithm at such a small scale. After testing and evaluating the 3D motion evaluation in the
previous section, we implemented it into our real-time closed loop control algorithm for 3D control.
The power output in 3D control was set to 1.5 A. In Fig. 4-8, microrobots were oriented to move
in 3D space for different patterns, with the corresponding 3D trajectories shown under each pattern.
It is evident that the microrobot is moving in the positive z-direction due to its area dilation during
focal plane transitions.

Fig. 4-8. 3D closed-loop control of trajectory ‘SMU’. Blue circles represent the desired locations on
each trajectory. Different colors represent each trajectory between each pair of desired locations. The
three bottom figures illustrate the specific trajectory above them with the projection on all three planes.
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In trajectory ‘S’, due to the relatively complicated pattern, the completion time was
significantly longer than the other two patterns. We can see that the trajectory fluctuates heavily
when the microrobot leaves the bottom plane. In the beginning, the microrobot stayed at z = 0 μm,
but midway to the first desired point, it suddenly went up. The control strategy then directed it to
move downward to reach the first target position. The height of the second desired point was set
to 10 μm above the surface; the projection along x-z plane shows that the microrobot climbed to
that height as well as moved towards the desired coordinate on x-y plane (magenta). It then
maintained a height of 10 μm while moving along negative y direction (green) to reach the next
point. The microrobot’s position fluctuated periodically due to Brownian motion. However, when
the microrobot was directed to climb to z = 20 μm, an external disturbance caused a drastic
downward motion of the microrobot to a height of z = 5 μm; after that it started to climb up again
and reached z = 16 μm while the coordinate on x-y plane was perfectly aligned. This can be seen
at the junction of green and black trajectories in ‘S3’ of Fig. 4-8. The final target was set to have
a height of z = 20 μm. While the microrobot maintained upward motion, it would often descend
several micrometers at various points. Interestingly, the particle moved directly upward and
reached the desired height only after approaching the destination in the x-y plane. This was the
result of a greater force being applied in the positive z-direction to overcome the descending
motion that happened randomly as the microrobot was approaching the target, which means the
force components in the x-y plane were decreased and force component along z-direction was
increased. Comparing to the ‘S’ trajectory in 2D, this 3D trajectory has a better motion along the
x-y plane; this may be a benefit from the absence of surface friction, however, the vertical motion
from 10 μm to 20 μm was not ideal since microflows created excessive deviations from the desired
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response. One thing needs to be pointed out here is that the trajectory variations between each way
point can be improved by setting a shorter distance between each point or using a different control
strategy with state control of both location and velocity.
4.2.5.1 Magnetic Force Analysis
The forces generation ability is investigated by applying Eq. (2-9) with data obtained from
the experiments that had a stable fluid environment without the influence of microflow. From
above, it is known that the 3D control of trajectory ‘M’ is the most stable one, thus our calculation
and analysis proceeded using this case. The black dashed vertical lines in each graph of Fig. 4-9
represent a change in the desired way point. Fig. 4-9(a) shows the current history during the whole
experiment period, in which the current on the pair of coils in xa was led in the negative direction
for most of the time. By looking at the coordinate system in Fig. 2-1 and comparing it with Fig.
4-8 for ‘M’, it is easy to find out that the main moving direction of the microrobot has a direction
component along negative xm, after coordinate transformation, the force vector in xa is also
negative, and the other two terms will change sign depending on the ongoing direction of motion.
The current history alone can also indicate the ongoing motion based on the sign of each current
component. The current, velocity, and force magnitudes drop at the dashed lines. This is because
the microrobot approached the desired location and the controller decreased the power input
proportionally as described in the previous discussion of the closed loop control. The maximum
velocity of 6.2 μm/s happened on the black trajectory in ‘M4’ in Fig. 4-8. With a total input current
of less than 2.5 A from the three power supplies, our magnetic tweezers produced a magnetic force
as high as 800 pN using Eq. (2-9); this is much stronger than the force generation abilities
demonstrated from other designs [71, 77, 79, 81] (200 pN or below) while still providing the large
working space.
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Fig. 4-9. 3D trajectory ‘M’ (a) Current history. (b) Velocity history. (c) Force history. Black dashed

vertical lines represent a change in the desired way point by user.
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4.2.6 Swarm Motion Control - Closed loop
As a necessary step towards deploying microrobots for applications like drug delivery, cell
therapy and noninvasive surgery, the control and navigation of microrobot swarms towards a target
location is not only required, but also fundamental to future research, especially for circumstances
that require bulky payload to be transported wirelessly. A common method to produce microrobot
swarm manipulation is to apply an external force or torque on the microrobot swarm with specific
size or shape so that they can show homogenous or hetergenous behaviors as needed. In our work,
microrobot swarm control using the magnetic tweezer system was proceeded by selecting one of
the microrobot in the swarm and navigating it through the working space. As the properties such
as size, weight and magnetization of the single bead microrobots were almost identical, they
showed similar behaviors under the same magnetic gradient field, though there still exist
deviations due to the uncertainties within the fluid medium.
For each test, three microrobots were selected and their trajectories were marked in three
different line colors. The 3D swarm control trajectories in 3D view were also generated to represent
the thorough motion of each microrobot. For each experiment shown below, the steered microrobot
usually started on the bottom of the substrate unless specifically mentioned, while the other two
may not have started on the same focal plane. For microrobots with same material but of different
geometric sizes, the larger ones will generate a higher magnetic force due to a greater magnetic
dipole.
Fig. 4-10 shows the overview of microrobot swarm control process. A swarm of
microrobots is detected in the working space at the starting point and marked by image processing
and a tracking module. The tracking location can be obtained by either using one microrobot’s
centroid in the swarm or considering the center of mass for the whole swarm as the centroid. The
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controller provide a controlled power output to generate the specific force vector correlated to the
target locations until microrobots reach to that position. On the way to the target, Brownian motion
and microflow will constantly affect the motion of the swarm, but the control algorithm will
continuously self-correct the force vector to assure the microrobots continue moving in the right
direction. Finally they end up in the final target location and process is completed.

Fig. 4-10. Swarm control experiment overview. The swarm of microrobots departs from the starting
point, where the force vectors 𝐹⃗𝑖 are updated according to the given target location. The central figure
shows the detail of a real-time experiment image. All detected microrobots are enclosed in the red box
with index number on its upper left corner for recognition. The swarm is then guided to a series of
arbitrary target coordinates that can be set by the user in all three dimensions.
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4.2.6.1 2D Swarm Motion-closed loop
The total size of field of view from the camera is 278 × 278 μm2 in the x-y plane, with a
trackable z-direction of about 30 μm. Some of the microrobots are not on the same focal plane
throughout the experiment, however, the magnetic field gradients act as uniform inputs within the
working space [39]. Fig. 4-11 shows the 2D swarm control result of navigating a microrobot swarm
to follow specific patterns of ‘L’, ‘o’, ‘v’ and ‘e’. This was chosen in honor of Valentine’s day.
The target locations in each pattern were set such that the turning points were on the x-y plane and
the z-component was equal to zero. The control power input was set such that it did not exceed 1.5
A in each power supply. This value was determined from experiments in earlier work to prevent
the temperature in the working space from overheating as well as providing enough power to allow
microrobos to move at a suitable speed.
The swarm of microrobots in pattern ‘L’ shows excellent uniformity as all three
microrobots have nearly identical routes, which indicates the existence of stable fluid environment
and proves the uniform magnetic force generated within the working space when microrobot have
homogeneous properties. In the ’o’ pattern, most of the trajectories followed the shape, where the
only obvious difference is at the end of the navigation. The magenta microrobot went through its
original location and moved to the right for a short distance, while the green one stopped exactly
at its starting point and the blue one experienced insufficient motion to reach to the final point.
This motion above indicates the diversity of behavior when microrobots with heterogeneous
properties respond to same magnetic gradient field. The overall routes in the letter ‘v’ also follow
the shape, but one thing that should be noted is that the blue microrobot’s path is slightly longer
than the other two, this is due to the density profile along z direction in the medium. Tween 20
solution (a Newtonian surfactant used to decrease the friction on substrate surface, Brookfield
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Fig. 4-11. 2D swarm control trajectory of ‘Love’ in (a)-(d). The finishing time for each pattern is 59 s,
80 s, 24 s and 166 s, respectively. ‘TL’ refers to target location. All particles were able to perform similar
trajectories, with deviations resulting from internal flows or height differences in the sample.

Viscosity ranges between 370-430 cps (25 °C, neat)) has higher density and naturally sinks to the
bottom of the test domain, resulting in higher drag force within that area. Because the blue
microrobot is in a higher position than the other two microrobots, and experiencing an equal
amount of magnetic force, we can infer that its velocity is faster than those located in the lower
layer according to Eq. (2-9) as Tween 20 on the bottom has higher viscosity. For pattern ‘e’, the
magenta microrobot is the lowest and the green microrobot is the highest in terms of depth. The
difference in height again reflects the trajectory shape difference. The trajectory length of the green
microrobot has the longest path followed by the blue and magenta microrobot trajectories in
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decreasing length. However, all trajectories still form the distinctive pattern on the control level,
and this heterogeneity of velocity profile depending on the depth of microrobots in the swarm can
be utilized in future more complex control tasks, such as navigating heterogeneous microrobots
with a sequence of steps to reach to different target based on their velocity difference. The closedloop control performance in 2D always showed good navigation and could manipulate a
microrobot swarm through a desired pattern.
4.2.6.2 3D Swarm Motion-closed loop
Closed-loop control in 3D is more complex than in the 2D case, due to the inclusion of zdirection motion. Also, Brownian motion, combined with the existence of random microflows,
leads to a very unstable surrounding environment that can affect the movement of microrobots
significantly. The same maximum current output of 1.5 A was also applied to the experiments in
3D. The recorded video frames and relevant 3D trajectory analysis are shown in Fig. 4-12, in which
the way points are labelled as black circles.
The movement of ‘L’ was set to move to z = 5 μm at the corner and then go up to z = 10
μm. The selected microrobot in the swarm was at first slightly higher than 5 μm, but it dropped
down around that height while also approaching the target x-y plane. The other two followed the
same trend and showed similar motion. The magenta microrobot had a relatively longer path in ‘L’
due to the higher starting point and larger particle size. All the trajectories were smooth and stable
as shown in the 3D view plot Fig. 4-12(a).
In ‘o’ trajectory, the influence of a microflow emerged. The starting point of the chosen
microrobot was at 10 μm level with the rest in the swarm below it. When the first target location
with z = 15 μm (left-bottom corner on x-y plane) was reached, the swarm had some fluctuations
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but soon was stabilized and then headed to the next desired point with z = 20 μm. The third target
point was on the same level with the second one, and the swarm reached to as high as 26 μm at the
halfway point, but then lowered to the expected point, from where it then set off to the original
point at the 10 μm level. We can clearly see that red microrobot surpass the other two in total route
length as it started in a higher position. The swarm proceeded to the preset points even though
there were disturbances on the way.
Pattern ‘v’ was comparative simpler than the ‘L’ in the experimental data. All three
individuals in the swarm started from the bottom plane in this case. The first desired point was at
z = 5 μm, to lead the microrobot moving to the bottom center in Fig. 4-12(c). The swarm then
navigated to the height of 20 μm. The final motion was oscillating and down but the microrobots
all ended up between 22 to 24 μm in the z-direction. Each of the trajectories had almost same
length as shown in t4 = 42 s in Fig. 4-12(c).
The letter ‘e’ was the most complicated pattern to achieve as it had the most turns on the
route with longest length. The first two way points were on the z = 0 μm plane. The swarm was
then guided to the height of 20 μm directly to the upper-left corner. The rest of the trajectories
were stable and showed the swarm of microrobots passing through the last two target points at z =
10 μm. The whole movement has better performance than the one displayed in ‘o’ as there was no
drastic bouncing motion and fluctuations only happened at the beginning of the operation.
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Fig. 4-12. 3D swarm control trajectory of ‘Love’ in (a)-(d) with 3D trajectory plots above each of them.
Below each 3D plot are four images that show the steps of trajectories. Black circles shown in each 3D
trajectory are the target locations at each step. The projection of each trajectory is shown on the bottom
of the x-y plane in each 3D plot. ‘M1’- ‘M3’ refers to microrobots 1-3. The trajectory colors in 3D view
figures are consistent with the experimental image representing them below. t1-t4 represent time points.
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4.2.6.3 Discussion
According to Fig. 4-11 and Fig. 4-12, it is apparent that the time used in 3D swarm control
to produce similar patterns was less than half of that in 2D under same power output restriction.
This was achieved by the lack of drag force far from the surface. However, the 2D motion had the
benefit of having a steadier trajectory. The performance of the x-y plane motion in both
assignments can be considered satisfactory, and swarms can reach to the designated height within
acceptable error range of less than 4 μm.
This section illustrated experiments involving microrobot swarm control in both 2D and
3D. 3D views of microrobot swarm motion trajectories were created using a focal plane area
analysis of the microrobots and were displayed alongside real-time experimental data. This work
has major benefits for swarm control related tasks, showing that not only can similar microrobots
act homogeneously under a uniform input, but can also be reliably actuated to perform arbitrary
3D motion. While there were some issues with internal flows and fluidic heterogeneity, the
microrobot swarms performed quite well in achieving their desired trajectories. Furthermore, the
results can guide future development of control systems for microrobotics and advance towards
practically controllable magnetically actuated microrobots in in vivo environment for drug delivery
and cell therapy applications.
4.3 Conclusion
In this chapter, various experiments with different purposes were completed. The
controllability and force generation capability of magnetic tweezer system with multiple
directional magnetic forces was demonstrated in Newtonian and non-Newtonian fluid
environments.
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For open loop and closed loop control of individual microrobot, experiments of single and
multi-bead microrobots performing desired 2D/3D trajectories, obstacle avoidance in nonNewtonian, and opposing microflows under the magnetic force were conducted. Generally, for the
same type of magnetic microbead, microrobots formed of more microbeads generated higher
magnetic force together with the magnetic tweezer system. In experiments for both 2D and 3D
control, the results were analyzed to illustrate the flexible controllability and powerful force
generation capabilities. Force generation capability was shown through the phenomena of resisting
microflow and theoretical calculation using Stoke’s law.
For closed loop swarm control, the demonstration was proceeded by showing experiments
involving microrobot swarm in both 2D and 3D. 3D views of the microrobot swarm motion
trajectories were created using a focal plane area analysis of the microrobot and were displayed
alongside real-time experimental data. This work has major benefits for swarm control related
tasks, showing that while similar microrobots act homogeneously under a uniform input, they can
also be reliably actuated to perform arbitrary 3D motion.
Comparing with works from other groups, this work is the first to thoroughly concentrate
on microrobotics field and extensively investigate the magnetic field simulation of the magnetic
tweezer system, conduct the 2D/3D motion control of microrobot in both Newtonian and nonNewtonian fluid environments with open loop and closed loop control strategies, and explore the
performance of swarm control of microrobots with the magnetic tweezer system.
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CHAPTER 5 OTHER RELATED WORK

5.1 Haptics Integration with A Magnetic Tweezer System for Teleoperation
5.1.1 Introduction
Microrobot applications in both in vitro and in vivo environments have been interesting
topics in the biomedical research field since they have the potential to revolutionize the healthcare
industry [29-32, 39]. When microrobots are combined with wireless control techniques,
applications like in situ sensing, cell therapy, micromanipulation, and targeted/localized drug
delivery can be achieved to transform the processes of minimally invasive surgery, drug delivery,
and biopsy procedures. Wireless control within such a small scale is limited to optical, electrical,
and magnetic techniques, which have been deployed in many implementations such as
electromagnetic coil systems, photonic force microscopy, optical tweezer systems, and magnetic
tweezer systems [34, 36, 41, 60].
Currently, most microrobot systems concentrate on the control performance of the
microrobot while the human interaction aspect is not well investigated, which is essential in
biomedical applications as medical professionals or researchers play a vital role in the operations
[94, 95]. It is important to build up the interaction between control systems and human operators
so that one can give guidance to the operation when the other one is confronted with problematic
scenario.
Haptic force feedback techniques enable users to feel the operation physically and
intuitively with their hands and has been verified to be a significant tool to achieve teleoperation
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of robotic systems [94-102]. Advantages of a haptic system have been confirmed in cardiothoracic
procedures [103, 104], microneedle positioning [105], telerobotic catheter insertion [106],
palpation [107], cell injection [108, 109], and even micro-manipulation [110-113]. Multiple haptic
feedback devices have also been developed so far to control and manipulate microrobot systems.
Haptic sensations from interaction between a self-folding soft magnetic gripper and its
environment were investigated in [113], where the human operator intuitively controlled a
magnetic gripper using a haptic interface. In terms of visual sensing by the haptic device,
Pacchierotti et al. [111] employed a haptic interface for a user to remotely control self-propelled
microrobots to target a goal with particle-filter visual sensing that visually tracks the position of
the microrobots. Asgari et al. [114] provided a haptic force generation method for a microrobotic
cell injection procedure. A 3D particle-based model was proposed to simulate the deformation of
the cell membrane and corresponding cellular forces. Faroque et al. [115] proposed a large-scale
virtual reality training system with a haptic device, in which virtual fixtures and force feedback
was generated for the microrobotic cell injection procedure to guide the user for virtual
micropipette operations by force feedback. So far, the usability and reliability of haptic interactions
with the microrobot system have been significantly advanced for potential human operators.
However, most of the existing techniques provide haptic force feedback through either an ambient
interaction or direct contact force with the targeted object. Moreover, onsite interactions have been
typically prioritized, while remote operations over large distances have not been thoroughly
explored, despite the fact that remote control of the microrobot applications with haptic
interactions is crucial to extending the utility of remote therapy and surgery.
In this work [116], we constructed a microrobot control framework using haptic interaction
based on the networked teleoperation between our magnetic tweezer system and a haptic interface
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located in Washington, D.C.. Haptic guidance force for near-optimal path following and haptic
force feedback for real-time interactions with the environments were implemented in teleoperation
settings over two facilities more than 2000 km apart. An attractive force is utilized to achieve
haptic guidance for path following and obstacle avoidance, while a repulsive force based on the
potential field and virtual-proxy force was implemented to produce the haptic interaction that
allowed users to feel the virtual environments. We provide the haptic interaction forces of both
ambient and contact interactions to improve usability. The proposed system includes an imagebased 3D haptic rendering algorithm, which reconstructs artificial 3D objects by reflecting
dynamic shape changes of the planar objects for practical haptic interaction. The 2D image was
transmitted remotely (real-time transmission between George Washington University in
Washington, D.C. and Southern Methodist University in Dallas, Texas, approx. 2,138 km apart)
from magnetic tweezer system, with multiple arbitrarily shaped objects within the field-of-view,
to create real-time haptic force feedback and enable the manipulation of microrobots. The notable
contributions of this work includes:
1)

Haptic interactions for near-optimal path following, object contact interaction with proxy-

force, and object ambient interaction with an artificial potential field are implemented to assist
microrobot controls.
2)

Dynamic path planning is applied based on the user's intended haptic operation, in which

the effective path with obstacle avoidance is dynamically generated and updated.
3)

3D object reconstruction is accomplished by reflecting dynamic shape changes of the

objects in a 2D planar image using the model-free haptic rendering.
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4)

A closed-loop teleoperation system is achieved with a wireless communication between

the magnetic tweezer system and the haptic interface system.
5)

The practical system is implemented and tested with a commercial haptic device in

macroscale and a magnetic tweezer in microscale under practical distance data communications.
5.1.2 Illustration of Haptic and Magnetic Tweezer System
The integration of a magnetic tweezer system with a haptic interface is illustrated in Fig.
5-1, where the two systems communicate with a TCP/IP network communication protocol. The
haptic interface generates the haptic feedback force based on the motion of microrobots and
environmental objects, which is received from the magnetic tweezer system. The control command
is then sent back to microrobots for navigation. Haptic rendering, image processing, path planning,
and network communication were developed in C++, while the magnetic tweezer control,
microscopic image processing, and network communication were established in MATLAB.

Fig. 5-1. Microrobot haptic interaction system. The left part is a haptic interface, and the right part is a
magnetic tweezer system. Data flow of image frames and control commands are shown as arrow
directions.
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The haptic interface (Geomagic touch haptic device, 3D Systems, Rock Hill, SC) is operated by a
6-DOF (degree of freedom) pen-type stylus gripper, which is serially connected to the haptic
device body. The device can measure the 6-DOF position and orientation of the user's operation
and generate 3-DOF force feedback in x, y, and z directions. The haptic control software is
developed using the open-source haptic library CHAI3D to ensure the compatibility over the
multiple operating systems and diverse haptic device platforms.
5.1.3 Teleoperation Controls
5.1.3.1 Teleoperation Scheme
The haptic-microrobot teleoperation system was designed by an impedance control scheme
with a position-based force rendering. The impedance control measures the motion of the haptic
device to manipulate the force of the magnetic tweezer. It has relatively low inertia and is highly
back-drivable compared to admittance control. The equation of motion of the microrobot in 3D
space can be derived as:
𝑚𝑥⃗̈ − 𝑓⃗𝑑 = 𝑓⃗𝑚

(5-1)

where 𝑚 is the mass of the microrobot, and 𝑓⃗𝑑 and 𝑓⃗𝑚 are drag and magnetic forces, respectively.
Since the force applied to the microrobot are determined by the displacement of the haptic interface,
the magnitude of the magnetic force 𝑓⃗𝑚 = 𝐾𝑥⃗ℎ , where 𝑥⃗ℎ is the haptic device displacement in 3D.
𝐾 = 1 is the scaling constant to map the magnetic tweezer pixel workspace to the haptic interface
virtual workspace, and the projection between haptic device’s stylus in physical world and virtual
environment is determined by the platform automatically. Gravity was negligible as high
concentration NaCl solution (20% w/v) was used to prevent sedimentation. Adhesive force
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resulting from Tween 20 on the substrate surface is included in the drag force term (𝑓⃗𝑑 ) of the
NaCl solution, and friction is negligible because the microrobots are moving above the glass slide.
Reliable operations for the teleoperation environments can be assumed since the
communication was fast enough for the microrobots' operation via the haptic device (average time
delay = 45.47 ms/frame with SD (standard deviation) = 27.02 ms/frame for transmitting series of
512×512 color images). The microrobots were operated at a micro-scaled workspace with
relatively slow speed (approx. 2~3 𝜇𝑚/𝑠 with maximum magnetic force) compared to the haptic
operation. The slower speed was based on the power limit preset in the magnetic tweezer system.
Therefore, we can guarantee the in-situ perception of the haptic feedback for navigation and
transportation of the microrobots wirelessly by referring the fact that 𝑓𝑚 is zero when 𝑥ℎ is zero,
so that the drag force 𝑓𝑑 in Eq. (5-1) will dissipate the energy completely. The acceleration term
in Eq. (5-1) will be negligible due to the extremely small mass, and very slow and steady speed of
the microrobots, which will cause the acceleration to be practically zero. On top of that, a viscosity
force feedback was implemented to the haptic device to reduce the instability and limit the control
input speed of the haptic operation by preventing abrupt motions of the haptic user.
5.1.3.2 Network Communication
Sufficient speed and reliability of the data communication are important for the stable
operation of a bilateral haptic-microrobot interaction system. The network communication scheme
of our proposed system is displayed in Fig. 5-1. Microrobot haptic interaction system. The left part
is a haptic interface, and the right part is a magnetic tweezer system. Data flow of image frames
and control commands are shown as arrow directions. Fig. 5-1with blue dot lines. The raw color
image data from the magnetic tweezer was encoded into JPEG format to compress the data size
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dramatically while minimizing the compression time. The communication data packet from the
magnetic tweezer system to the haptic interface side was designed with three sub-components—
header, body, and end bits—to ensure the correct reception of data in real-time. Header bits contain
the position of the user-selected microrobot, and body bits encompass the compressed image data.
Since the binary format data size of the encoded color image varies based on each image frame,
the size of the binary format data is communicated prior to the binary image data in the body bits.
The end bits are transmitted to notify the end of each packet. The binary format data of the color
image is then decoded to rebuild the color image at the receiver side. In the opposite direction, the
control command by the haptic device is transmitted to the magnetic tweezer side. The control
command is composed of a 3D direction vector and a scalar for the force magnitude. To guarantee
the reliability of the bidirectional communication, data packet check and confirmation protocols
are applied. The communication data update rate is fixed as 10 frames/s by considering the stable
communication and continuous haptic operations for intuitive control of the teleoperation system.
5.1.4 Haptic Feedback Implementation
5.1.4.1 Object Classification and 3D Volume Reconstruction
After receiving the raw image, the haptic interface side classifies all objects by their size
information obtained through image processing. The diameter of a single bead microrobot is
approximately 10.6 μm while that of the environmental objects ranged from 27.0 to 32.0 μm. Note
that a color detection by the HSV (Hue, Saturation, Value) image was deployed at the haptics
interface side for the swarm operation of the microrobots in Experiment 3 in section 5.1.6.
As the received image is in 2D, the visually identified objects (microrobots and obstacles)
need to be reconstructed to 3D objects for the spatial haptic rendering. Using positions and

60

diameters of the microrobots in the 2D image, the 3D volume reconstruction was processed by
converting 2D circular objects to 3D spherical objects located at the same position on the x-y plane
with initial z-depth as zero, and the z-depth information of the microrobot was updated from
magnetic tweezer side as the experiment proceeded using the relationship between area size and
z-depth determined in section 4.2.4. The 3D volumized environmental objects are reconstructed
using ellipsoidal 3D cloud points. Although the environmental objects used in the experiments are
assumed as spheres, the ellipsoid was used as a potential extension for general applications. By
adjusting the radius on the z-axis, the different shapes of the environmental objects can be
reconstructed more effectively in the general case. Cloud points, which represent components of
the surface of a 3D ellipsoid, are generated at the same position of the 2D environmental objects
with a circular radius on the x-y plane. Radius of environmental object in virtual environment on
x-y plane is set to be larger than that in actual environment to ensure early intervention of path
planning and obstacle avoidance operations. The radius of the ellipsoid on the z-axis is defined as
a quarter of the circular radius to prevent any presence of a large empty space of the 3D
reconstructed points. Part of the 3D ellipsoid points is excluded by filtering out the points that are

Fig. 5-2. 3D volume reconstruction (microrobots and environmental objects). 3D cloud points
reconstruction by 2D microscope input image.
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not overlaid on the 2D object (Fig. 5-2). This procedure upgrades the environmental objects in the
2D image to a higher degree (3D) objects by reflecting different objects' shape, making haptic
rendering in 3D space possible.
5.1.4.2 Artificial Potential Field Force
The haptic force feedback consists of two different forces, the ambient force near the
environmental objects and the contact force. Ambient force is generated by a repulsive artificial
potential field while the contact force is generated by a virtual proxy force. Users can feel the
haptic feedback when the haptic probe enters the potential field of the objects. The haptic
workspace is treated as a 3D grid where the 3D cloud points of the environmental objects are
superimposed. Each grid cell occupied by the point contributes to a repulsive potential field.
Fig. 5-3 illustrates the 3D potential fields around single particles for the haptic motion
control space. The repulsive haptic forces are designed to be centered inside the obstacle in order

Fig. 5-3. Illustrations of the repulsive potential field around 3D objects. (a) 3D repulsive potential fields
and (b) potential fields as seen on the x-y plane.

to prevent the haptic probe penetrating the virtual space inside of the obstacle in the mapped haptic
workspace. The repulsive potential field 𝑈𝑟𝑒𝑓 can be generated by occupied cells 𝑝𝑖 as:
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1
1
1
𝜂(
− ), ‖𝑥 − 𝑥𝑝𝑖 ‖ ≤ 𝜌0
𝑈𝑟𝑒𝑓 (𝑥, 𝑥𝑝𝑖 ) = {2 ‖𝑥 − 𝑥𝑝𝑖 ‖ 𝜌0
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(5-2)

where 𝑥 is the position of the haptic probe, 𝑥𝑝𝑖 is the position of occupied cells, 𝜂 is a positive
scaling factor, and 𝜌0 is the range of influence. The force is computed by the negative gradient of
the potential field. The repulsive force 𝐹𝑖 exerted by each cell 𝑝𝑖 and the total repulsive potential
field 𝑈 of all occupied cells can be written as:
𝐹𝑖 (𝑥, 𝑥𝑝𝑖 ) = −∇𝑈𝑟𝑒𝑓 (𝑥, 𝑥𝑝𝑖 )

(5-3)

𝑈 = ∑ 𝑈𝑟𝑒𝑓 (𝑥, 𝑥𝑝𝑖 )

(5-4)

𝑝𝑖

Therefore, the total repulsive force on the haptic probe by the 3D occupied cells can be calculated
as:
(5-5)

𝐹 = − ∑ ∇𝑈𝑟𝑒𝑓 (𝑥, 𝑥𝑝𝑖 )
𝑝𝑖

The center of mass of the occupied grid cells, within a search boundary set arbitrarily by
user from the haptic probe, is used to compute the direction vector and magnitude for the potential
field force. Fig. 5-4 shows the potential field force generation strategy.

Fig. 5-4. Potential field force generation with active occupied points.
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5.1.4.3 Virtual-Proxy Force
The proxy-based haptic interaction is employed to generate a contact force from the surface
of the objects that feels like a relatively stiff surface to the user. This approach, which uses the
notion of a virtual proxy, is widely used in haptic interactions [117-119]. The force response, 𝑓⃗𝑓 ,
of the haptic device in 3D using the spring-damper model that connects the virtual proxy and the
haptic probe can be written as:
𝑓⃗𝑓 = 𝑘(𝑥⃗𝑝𝑟𝑜𝑥𝑦 − 𝑥⃗𝑝𝑟𝑜𝑏𝑒 ) + 𝑑(𝑣⃗𝑝𝑟𝑜𝑥𝑦 − 𝑣⃗𝑝𝑟𝑜𝑏𝑒 )

(5-6)

where 𝑥⃗𝑝𝑟𝑜𝑏𝑒 and 𝑥⃗𝑝𝑟𝑜𝑥𝑦 are the positions of the haptic probe and the virtual proxy in 3D while
𝑣⃗𝑝𝑟𝑜𝑏𝑒 and 𝑣⃗𝑝𝑟𝑜𝑥𝑦 are the velocities of the virtual proxy and the haptic probe in 3D, respectively.
𝑘 is the stiffness constant and 𝑑 is the damping constant. Empirical parameters of 𝑘 =
280 N/mm and 𝑑 = 2 N ∙ s/mm were selected for the best performance and user experience of
the teleoperation control of the proposed system.
Forces by the potential field and virtual proxy on the 3D environmental objects are
transmitted to the haptic interface side to generate the haptic feedback force when the haptic probe
is approaching and touching the environmental objects. Once the haptic probe enters the potential
field area, the user starts to feel the repulsive forces increasing proportionally as the haptic probe
is getting into the high gradient region of the object's potential field. Moreover, when the haptic
probe touches the surface of the environmental objects, the proxy force is added to produce a stiff
contact force for better intuitive haptic interaction.
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5.1.4.4 Computational Complexity Reduction Strategy
To provide seamless haptic interaction (quality of service) while enhancing the networked
teleoperation performances, a computational cost reduction strategy with efficient search
algorithm was applied to achieve smooth operations and intuitive usability. Any environmental
objects within a certain spherical boundary from the haptic probe are explored rather than
searching the full range of the workspace to detect the objects. Moreover, a region-of-interest
(ROI) based local computations are employed that utilizes only part of the 3D points of the active
environmental objects (active points in Fig. 5-4) when they are within a search boundary from the
haptic probe. These strategies reduce the computational complexity to ensure continuous and fast
operation.
5.1.5 Dynamic Path Planning with Haptic Operation
Dynamic path planning of the haptic-microrobot system produces an effective path
adaptively in the realistic haptic environment. An instant target is created based on the dynamic
movement of the haptic device so that the near-optimal path from the current haptic position to the
instant target is dynamically generated by reflecting the user's intention of the haptic control. When
the haptic device moves, the near-optimal path is locally generated in the x-y plane, and the path
following force for the haptic device is activated. In the path following feature that the haptic
device guides microrobot automatically, z-direction motion is assumed to be zero.
5.1.5.1 Path Planning Field Generation
A path planning workspace is modeled as a finite number of identical square cells based
on the pixel coordinates of the received image. The square cells are occupied with environmental
objects or empty. The repulsive force field by the environmental objects is implemented using the
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Gaussian filtering so that image depth of the pixel values of the Gaussian blurred image can be

Fig. 5-5. Force field for the path generation. (a) Repulsive force field generated by Gaussian filtering
on obstacles and (b) attractive force field by the instant target.

treated as the magnitude of the repulsive force field. The attractive force field 𝑈𝑎 to the instant
target is defined by the distance between a neighbor cells 𝑝𝑛 of the current way point 𝑝𝑐 and instant
target 𝑝𝑔 as:
1
2
𝑈𝑎 = 𝜉 ∙ ‖𝑝𝑛 − 𝑝𝑔 ‖ , 𝑝𝑛 ∈ 𝑁, 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑠 𝑜𝑓 𝑝𝑐
2

(5-7)

where 𝜉 is the magnification constant. The force field for path planning is the combination of the
repulsive and attractive force fields as shown in Fig. 5-5.
5.1.5.2 Instant Target Creation
The real-time path generation reflecting the user's intentions of the haptic operation is
processed by dynamically creating an instant target. We assume that the user is mostly aiming to
keep the haptic movement in the direction similar to previous motions. Fig. 5-6(a) represents the
instant target creation. The position history of the haptic device is recorded, and differences of the
position by time are averaged to estimate the future location of the haptic motion. Instant target
𝑝𝑖𝑡 is a certain step (𝛼 ∙ 𝑣𝑐 ) forward from current haptic position 𝑝𝑡 . Fig. 5-6(b) illustrates the
instant target creation outside of any environmental objects, with which the algorithm avoids the
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Fig. 5-6. Instant target creation. (a) Instant target creation strategy and (b) target creation outside of
environmental object.

path generation directing to the collision course with the environmental objects. If an instant target
is created inside of the obstacle during the instant target creation process, a new target is recreated
at the closest boundary of the obstacle using the original target point (𝑝𝑖𝑡 ), radius (𝑟0 ), and center
position (𝑝𝑐 ) of the related obstacle, and then replaced with the 𝑝𝑖𝑡 to create the instant target
outside of the obstacle as shown in Fig. 5-6(b). Additionally, the instant target generation is
temporarily paused when the user closely detours the environmental objects since the algorithm
can create an unintended target due to the circular detouring motion of the haptic operation.
5.1.5.3 Path Planning
After creating the instant target, the path planning algorithm generates a guidance path
from the current haptic position to the target while avoiding environmental objects. Each
intermediate path point is selected among the neighbors of the current path point. The neighbors
of the current path point are defined with 12 grid cells, with consideration of the computational
cost and path smoothness, as shown in Fig. 5-7(a). The path generation algorithm iteratively selects
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the next path point until the instant target is reached. The next path point 𝑝𝑓 is selected by
minimizing a cost as:
𝑝𝑓 = argmin{𝑤𝑡 ∙ 𝑈𝑎 (𝑝𝑛 ) + 𝑤𝑜 ∙ 𝑈𝑟 (𝑝𝑛 )}

(5-8)

𝑝𝑛 ∈𝑁

where 𝑁 is all neighbors of current path point 𝑝𝑐 , and 𝑝𝑛 is neighbors (𝑝𝑛1 , 𝑝𝑛2 , … , 𝑝𝑛12 ). The cost is
defined by the repulsive and attractive force fields by the environmental objects and instant target
with adjustable weights. 𝑈𝑎 (𝑥) and 𝑈𝑟 (𝑥) are attractive and repulsive force fields, respectively.
Fig. 5-7(b-c) illustrates the path planning steps and path generation.
Due to the discretization of workspace in the proposed path planning, the path can be
trapped in certain grids by repeatedly selecting the next path with the same sequence. The proposed

Fig. 5-7. Dynamic path planning of the microrobot navigation. (a) Defined neighbors, 𝑛 = 12. (b) Path
step from the start to a target and (c) path generation example.

algorithm processes a random selection of the next path if the path selection memory shows only
repeated transits between two neighbors and does not reduce the distance to the target. Haptic force
guidance to follow the effective path assists the user to operate the microrobot with the haptic
feedback. In the dynamic path planning, the intermediate path point is gradually generated from
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the current haptic position to the target. At that time, an attractive force is applied to the haptic
device to minimize the distance from the current haptic position to the intermediate path point.
Eventually, the user can feel the haptic guidance force during path generation until the haptic probe
reaches the target. If a new instant target is generated during the path following, then a new path
planning from the current haptic position to the new target is triggered.
5.1.6 Experiments and Results
The experimental design and processes are described as follows. Three experiments were
designed to evaluate the proposed framework: (1) microrobot manipulation with haptic feedback,
(2) dynamic path planning with the path following force, and (3) micro-object transportation. In
all experiments, a user-selected microrobot in the workspace was tracked in real-time, and the
position information and real-time microscopic images were transmitted to the haptic interface
side, where the above-described haptic interaction forces were calculated, and the haptic control
command were sent back to the magnetic tweezer system.
Microrobots (10.6 μm average diameter) were mixed with deionized water to produce a 1%
w/v solution. Environmental objects are non-magnetic glass microparticles (SLGMS-2.5 27-32
μm diameter, Cospheric LLC) with 1% w/v concentration. The experiment chamber is made from
polydimethylsiloxane (PDMS) with a diameter of 3 mm. To decrease the surface friction of
microrobots close to the substrate, a 20% w/v concentration of Tween 20 surfactant solution was
introduced into the sample medium. 20% w/v NaCl solution was also used for Experiment 1 to
mitigate gravitational effect of the microrobots.
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5.1.6.1 Microrobot Manipulation with Haptic Feedback
The haptic operator was assisted by the haptic feedback to operate microrobots in 3D space.
Since the 3D positions of a selected microrobot were synchronized with the haptic probe via
artificial stiff spring and damper model, the motion of the selected microrobot was reflected by the
operation of the haptic device and vice versa. Experimental demonstration is shown in Fig. 5-8, in
which the microrobot navigated as controlled in 3D workspace to follow user-controlled
trajectories with haptic feedback. Note that the motion of the microrobot on the z-axis followed
the haptic control with delay due to the gravity and the viscous conditions of Tween 20 on the
surface of the experimental chamber, the performance can be improved by setting a high gain
parameter in magnetic tweezer system control part at the beginning to elevate the performance in
high viscosity area of Tween 20 and then modifying the gain value back to normal after microrobot
escapes from the bottom.

Fig. 5-8. Experiment 1: single microrobot manipulation with haptic feedback in 3D space. (a)
Microrobot path by the haptic control for obstacle avoidance. (b) 3D motion of microrobot and haptic
probe.

70

5.1.6.2 Dynamic Path Planning with the Path Following Force
When the path planning function was activated, the near-optimal path was displayed on the
real-time interface, and path following force was applied to the haptic device. An effective path
from the current haptic position to an estimated target was dynamically generated by reflecting the
haptic user′s intended haptic operation. Fig. 5-9(a) shows the dynamic path generation and
microrobot operation by the path following force. In this experiment, the user only held the haptic
stylus lightly and let the microrobot reach the target through the dynamic path with the path
following force. While the haptic device followed the path by itself, the user could still force the

Fig. 5-9. Path following and swarm experiments. (a) Experiment 2: dynamic motion generation and
microrobot path by the haptic control with the path following force. (b) Experiment 3: micro-object
transportation with swarm control of the microrobots.
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haptic probe to move to another direction against the path following force to generate a new
dynamic path.
5.1.6.3 Micro Object Transportation
The haptic-microrobot system could perform object transportation with haptic assistance
in planar space. Since the magnetic force was applied to the global field, all microrobots were
actuated by the same directional force. Swarm motion of the multiple microrobots aggregated them
together to transport an object with the assistance of the haptic feedback. Fig. 5-9(b) shows the
operation of the microrobot swarm for object transportation. The haptic device was virtually
coupled to the center of mass of the microrobot swarm, while all swarm elements moved in the
same direction by the haptic operation due to the global magnetic force field.
5.1.7 Conclusion
A magnetic force-driven microrobot manipulation system with haptic assistance is
developed. A large volume data communication strategy is employed to achieve in situ real-time
teleoperation between two systems in remote locations. The 3D haptic interaction between
microrobot and the surrounding environment is implemented by combining ambient and contact
forces. To improve the control and tracking accuracy, the effective, near-optimal path is
dynamically generated based on the user′s haptic control tendency with the path following force.
Eventually, a combination of the attraction force to the selected microrobot, force feedback by the
environmental objects, path following force, and real-time visual feedback can improve the
navigation performance and path tracking accuracy of the haptic operation for the microrobot
controls. The developed system is verified with three potential applications in a practical
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environment by locating two systems in remote locations, Washington, D.C. and Dallas, Texas,
approximately 2,138 km apart.
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5.2 Magnetically and Chemically Actuated Janus Particles for Micromanipulation
5.2.1 Introduction
Other than the microrobot actuation strategy with single power source using magnetic
gradient field discussed previously, some other interesting methods can also be applied to bring
diverse and flexible control ability into microrobot manipulation, such as chemically driven
microrobots. Janus particles have gained significant interest due to the diverse configurations that
can arise during their fabrication. Janus particles are fabricated to consist of two hemispheres: one
side has a magnetic coating, such as cobalt, while the other side is coated with platinum. When the
particles are suspended inside a hydrogen peroxide solution, the platinum will act as a catalyst and
Pt

(5-9)

2𝐻2 𝑂2 → 2𝐻2 𝑂 + 𝑂2

decompose any surrounding hydrogen peroxide as described in Eq. (5-9); this causes a Janus
particle to self-propel within the solution [120]. As the magnetic field in this work only acts as
guidance for the particle alignment, we used a static magnetic field controller (electromagnetic
coil system) that can generate a uniform magnetic field within its working space to make sure
Janus particle will not be propelled by any magnetic gradient field using this magnetic field, the
particles can be reoriented to create non-trivial trajectories. This has been discussed in several
published works [120-123]. However, due to differences in magnetization, the magnetic
orientation of a Janus particle may not coincide with the propulsion direction as shown in Fig.
5-10.While open loop control of Janus particles with randomly oriented magnetization direction
was discussed in [121] and closed loop control of coincidental magnetization has been discussed
in [122]; there has been no effort yet to develop or understand the effects of closed loop
performance with randomly oriented particles. In this work collaborating with my colleague Dr.
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Louis William Rogowski, we applied a closed loop controller to Janus particles that possessed
misaligned magnetic orientations to the propulsion vector and compare their responses when
performing simple trajectories. We examined particles with magnetization offset angles of only a
few degrees all the way to a perfectly perpendicular offset of 90°.

Fig. 5-10. 2D Schematic of a Janus particle consisting of a cobalt magnetic core and a platinum coating.
ψ represents the offset angle between magnetization vector and thrust vector. The blue and red parts of
the sphere represent the north and south poles, respectively.

5.2.2 Janus Particle Fabrication
Fig. 5-11(a) shows the Janus particle fabrication process from initial etching of the
polystyrene beads to the multilayer coatings of both platinum (Pt) and cobalt (Co). A 0.5%(w/w)
polystyrene bead water solution was prepared using polystyrene beads (Spherotech, 5 μm in
diameter). The solution was then distributed onto a glass slide, whose surface was cleaned using
UV-Ozone. The UV-Ozone treatment makes the glass surface hydrophilic, allowing the aqueous
solution to spread out evenly along the slide’s surface, making all beads form a monolayer with
each bead touching side by side in a cluster through a self-assembled monolayer (SAM) effect
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Fig. 5-11. (a) Multilayer Janus particle fabrication steps using Co/Pt layers. (b) Clustered polystyrene
beads in a monolayer. (c) Separate multilayer Janus particles after RIE and Co/Pt capping. (d) SEM
image of multilayer Janus particle.

when water solution is fully vaporized, which can be seen in Fig. 5-11(b). The beads were not
individually distributed on the surface. As all beads were touching each other within the
monolayer, reactive ion etching (RIE) was applied by etching the bead surface uniformly and the
result is shown in Fig. 5-11(c). The final diameter of beads after etching is around 2.5 μm, which
is about the half of the original size. To fabricate Janus particles that possessed both characteristics
of magnetism and catalytic propulsion, both Co and Pt were coated on each half of the beads using
an e-beam thermal evaporator (Temescal CV-8 e-beam evaporator). A glass substrate covered with
microbeads was fixed on the coating plate in the evaporator facing downwards. A laser was used
to evaporate the specific sample material for coating, which was then radially diffused onto the
microbeads. The result was only half of the sphere was coated with the desired material. The
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coating plate could be adjusted to have a different angle facing to the evaporated material for
different coating combinations with different materials. A total of 5 layers were applied to the
beads in the sequence of Pt 3 nm, Co 3 nm, Pt 3 nm, Co 3 nm, and Pt 3 nm to create stronger
magnetism effects [124]. The Pt and Co were evaporated at a slow rate of 0.02 nm/sec to ensure
the high-quality deposition. For our work, only half of the surface was coated with platinum, and
the coated Co layers generated randomly distributed magnetic dipoles on the microbeads resulting
in different offset angles with the thrust vector. The final Janus particles can be seen in Fig. 5-11(c).
The attached beads were then detached from the glass surface by gently washing with water and
brushing with a paint brush. The scanning electron microscopy (SEM) image of the coated Janus
particles is shown in Fig. 5-11(d). The final size of the Janus particles is approximately 2.5-4 μm.
5.2.3 Experimental Setup
An approximate electromagnetic Helmholtz coil system was used to produce static
magnetic fields to orient the Janus particles. The governing equations for the magnetic field for
2D control can be seen in Eq. (5-10), where θ is the orientation direction and Bs is the magnitude
−𝐵𝑆 cos(𝜃)
𝑩 = [ 𝐵𝑠 sin(𝜃) ]
0

(5-10)

of the static magnetic field as shown in Fig. 5-12. For all tests discussed in this work, 5 Volts were
applied to the magnetic coils, which resulted in a static field of 8 mT within the working space.
This magnetic field was only used to orient the particles and did not create any magnetic field
gradients.
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Fig. 5-12. (a) Overview of experimental set up including Helmholtz coil system, sample chamber with
Janus particles. (b) Illustration of how Janus particle naturally orient its magnetization vector to the
static magnetic field vector.

Janus particles of 4 µm diameter were inserted into a Polydimethylsiloxane (PDMS)
chamber approximately 2 mm in diameter and 1 mm thick, which was bonded to a glass slide. A
5 µL solution of concentrated Janus particles was placed into the chamber and then mixed with a
diluted 10% H2O2 solution (Sigma Aldrich). A cover slide was then applied to enclose the sample
chamber to minimize external vaporization. The chamber was then placed in the center of the
approximate Helmholtz coil system. Using three programmable power supplies (KEPCO, BOP
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36-6M) interfaced with two digital acquisition control boards (BNC-2110), and a customized
LabVIEW program, the particles could be manipulated based on the formulas presented in Eq.
(5-10). All experiment videos were captured and processed using a CMOS camera at 30 frames
per second (fps). The experimental setup can be seen in Fig. 5-12(a) while the effect θ has on the
static magnetic field can be seen in Fig. 5-12(b). Due to the decomposition of H2O2, the chamber
would fill with bubbles and interfere with image capturing over time. All samples were used until
bubbles made it impossible to clearly view Janus particles or no usable Janus Particles could be
located.
5.2.4 Kinematics Modeling
To model the kinematics of Janus particles, we must first consider a Janus particle in a 2D
plane with an offset angle 𝜓, measured counterclockwise, from its magnetic moment axis to its
velocity vector. Given an external magnetic field with the orientation angle θ(t), the Janus particle
aligns to its magnetic moment with the external field, and the simplified kinematics at time t is
described by Eq. (5-11), where 𝑥(𝑡) ∈ ℝ2x1 denotes the position, and 𝐯(𝑡) ∈ ℝ2x1 as seen in Eq.
(5-12) denotes the velocity, and v represents the magnitude.
𝐱(𝑡 + 𝛥𝑡) = 𝐱(𝑡) + 𝐯(𝑡)𝛥𝑡

(5-11)

cos (𝜃(𝑡) + 𝜓)
]
sin (𝜃(𝑡) + 𝜓)

(5-12)

𝐯(𝑡) = 𝑣 [

Note the offset angle 𝜓 is constant for each Janus particle, but this angle can be different
between individual particles. To identify the velocity magnitude v and the offset angle 𝜓 of a Janus
particle, three experiments were performed with more than 10000 data points acquired from
trajectory information extracted from image processing. Fig. 5-13 shows the histograms of velocity
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magnitude distribution and offset angle distributions. Based on their statistics, the average velocity
magnitude is approximated as 0.72 µm/s with a standard deviation of 0.24 µm/s and the average
offset angle was identified as 49.45°with a standard deviation of 21.13°.

Fig. 5-13. (a) Velocity magnitude distribution of sampled Janus particles. (b) Offset angle distribution
of sampled Janus Particles.

To validate the kinematics model, the simulation results were compared with experiment
data, Fig. 5-14 demonstrates a particle with same offset angle and similar velocity as the one
predicted by the statistical model, the controlled particle closely matched the predictions given in
the statistical analysis. By estimating this offset angle, Janus particle motion can be predicted with
a high degree of accuracy.

Fig. 5-14. (a-c) The simulated trajectories of the particle are illustrated by the red line while the actual
path of the particle is shown in the yellow line. Scale bars are 10 μm.
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5.2.5 Feedback Control Dynamics
The feedback control used in this work is identical to the one utilized to maneuver achiral
microrobots in BAST lab’s previous research [36, 51], however, in this case, it is significantly
simplified to only care about the change in θ. This simplification was performed since the Janus
particles would move with a quasi-constant velocity when exposed to H2O2 and did not rely on
rotational dynamics to move through the fluid medium. φ is the angle for vector from Janus particle
location to target location. Janus particle location information was extracted from images through
real-time image processing. The vector between the desired position and current position is
obtained and thus the angle φ is known. The time derivative of θ is shown in Eq. (5-13), where k
𝜃̇ = 𝑘𝛼

(5-13)

𝛼 =𝜑−𝜃

(5-14)

is a gain parameter. α in Eq. (5-14) is the difference between angle φ and the magnetic heading
angle θ of the Janus particle. The proportional controller keeps minimizing the angle difference α
to update the magnetic field heading angle θ for correcting the trajectory. Throughout our
experiments, k was set to a constant value of 5.
5.2.6 Experiment Results
Two experiments were conducted to demonstrate the maneuverability of Janus particles.
The first one will discuss homogeneous Janus particles, where the magnetization vector was
closely aligned to the propulsion vector, the second will discuss heterogeneous particles where a
larger offset angle was present.
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5.2.6.1 Homogeneous Particles
Homogeneous particles performed exceptionally well when exposed to static magnetic
fields and their motion was highly consistent with the magnetic field direction. In Fig. 5-15, we

Fig. 5-15. Trajectory of a heterogeneous particle with a small offset angle. The static magnetic fields
applied are oriented to 0, 90, 180, and 270 at points (1-4) respectively. The particle could reliably
follow the static magnetic field direction. Scale bar is 10µm.

demonstrate a particle moving in a box pattern when exposed to static magnetic fields applied at
the angles 0, 90, 180, and 270 using open loop control. While there is a slight offset angle
present, the particle could still move in the intended direction with only small variation. When a
similar particle was controlled using the discussed feedback controller, it displayed high accuracy,
especially when asked to perform arbitrary trajectories. An example of these trajectories can be
seen in Fig. 5-16, where the particle could easily navigate towards the intended targets without
issue. When examined for trajectory repeatability, the particle was directed to perform a box
pattern with target points positioned 16 μm apart. An example of this trajectory can be seen in Fig.
5-17(a). While the example does not perfectly follow the desired direction, it does indeed reach

82

Fig. 5-16. Closed loop trajectories of a Janus particle with small offset angle. The blue dots represent
the target points, dashed blue lines show the connection between each pair of target points the dashed
lines represent the desired trajectory, and the red sold line shows the actual trajectory. The white box is
used to track the particle. The scale bars are 10 µm.

Fig. 5-17. (a) Closed loop control of Janus particle to form a box shape pattern. The blue dashed line
represents the desired path and blue stars represent target points. The solid red line indicates the actual
path followed by the particle. The particle started at the top left point and proceeded counterclockwise
to each target point. (b) Three independent trajectories of the Janus particle under the same control
inputs and similar starting conditions. (c) Trajectory of the same size as (a) but with 16 target points. (d)
Trajectories of the Janus particle navigating the box outlined in (c). Scale bars in (a) and (c) are 10 μm.
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each of the target destinations without significant issue. Three independent tests were performed,
and each test produced nearly identical trajectory results and can be seen in Fig. 5-17(b); any
variations were caused by slight differences in initial starting position and tracking failures using
real time image processing. When these trajectories were increased from 4 points to 16 points,
with a 4 μm gap between each point, the particle trajectory accuracy was greatly improved as can
be seen in Fig. 5-17(c). However, as can be seen in Fig. 5-17(d), the results were not without their
issues. Test-2 in Fig. 5-17(d) was particularly deviant, where the Janus particle often strayed far
from the desired trajectory and in one case completely circling the target point. This can be
attributed to error in the timing associated with incrementing the target positions after the Janus
particle finished approaching the previous target. In the other two cases though, the particle was
close enough in proximity to the desired path to be considered acceptable. Similar results were
obtainable for other Janus particles with low offset angles.

Fig. 5-18. (a) Arbitrary closed loop trajectories of a Janus particle with a large offset angle of
approximately 45. The static magnetic fields applied are oriented to 0, 90, 180, and 270 at points
(1-4) respectively. (b) Closed loop control of the particle. The white box is used to track the particle.
The scale bars are 10 µm.

84

5.2.6.2 Heterogeneous Particles
A heterogeneous particle with an approximate offset angle of 45 was pre-identified
through open loop control as illustrated in 5.2.4. Using open loop control, a static magnetic field
direction of 0, 90,180, and 270 was applied. The resulting trajectory can be seen in Fig. 5-18(a).
Since the trajectory produced was tilted, ≈45ºoffset angle was estimated to have caused the
deviation. For Fig. 5-18(b), the closed loop control algorithm was applied to a single point and a
spiral towards the target point was obtained. While the offset angle prevents the Janus particle

Fig. 5-19. (a) Closed loop control of a Janus particle with a 45 offset forming a box shape pattern. Blue
dashed line represents desired path and blue stars represent target points. Solid red line indicates the
actual path of the particle. The particle started at the top left point and proceeded counterclockwise to
each target point. (b) Two independent trajectories of the Janus Particle under same control inputs and
similar starting conditions. (c) A box trajectory of the same size as (a) but with 16 points bounding the
box. (d) Trajectories of the Janus particle navigating the box outlined in (c). Scale bar in (a) is 10 μm.
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from directly reaching the target; given enough time, the particle’s spiral will decay and allow for
proximity to the target. While this is not optimal, it can still create interesting effects when directed
to perform the same box trajectories carried out using the homogeneous particle. These trajectories
can be seen in Fig. 5-19(a-b) for four target point locations and Fig. 5-19(c-d) for 16 target points.
The points had to be iterated fast enough to prevent the particle from spiraling around any given
target point. Interestingly, while the four-point box in Fig. 5-19(a) was inaccurate, the particle
performed very similar trajectories between the independent trials in Fig. 5-19(b). Going from a
four-point box to a 16-point box greatly improved the trajectory accuracy of the particle, but the
offset angle made directly reaching the targets, without spiraling unlikely. Only one noticeable
discrepancy happened in Test-1 as shown in Fig. 5-19(d), where the particle overshot the target
and went inside the box. The particle in 16 points box trajectories had improved accuracy in

Fig. 5-20. A Janus particle with a 90°magnetization offset to the thrust vector. This particle will never
reach the target point indicated by the white circle, and instead will orbit almost perfectly around it. The
scale bar is 10 μm and the white box tracks the particle.
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following the intended trajectory between each pair of way points comparing to that in four point
trajectories.
In another experiment, a particle was identified with a large offset angle of approximately
90°in relation to the thrust vector as shown in Fig. 5-20. Under closed loop control, the particle
almost perfectly orbited around the white target point and never approached.
5.2.7 Conclusion
In conclusion, we demonstrated that homogeneous and heterogeneous Janus particles can
be manipulated using open loop and closed loop control to perform specific trajectories. For the
feedback control, the magnetization angle played a huge impact on how well the Janus particles
could reach their target destinations. If the magnetization angle is close to the propulsion vector,
the particle could reach the intended target with little hinderance. However, if the offset angle is
significant, the particle would take considerably longer effort to reach the target and proceed
towards it in a spiral motion. When the offset angle is 90°, the particle will almost perfectly orbit
the intended target position. When the particles were directed to perform a box pattern,
heterogeneous particles could perform the intended trajectories, with improving accuracy as the
number of points bounding the box trajectory increased. Of course, in both Janus particles with
large and small offset angles, there were abnormal cases where issues in tracking or variations in
starting conditions caused the particles to behave unexpectedly. The progress presented in this
section is at the very early stage of the project, there are several things that should be addressed to
improve the performance of the controller. In future work, we plan to implement a feedback
controller which can retroactively account for the magnetization angle difference and perform 3D
feedback control of heterogeneous Janus particles, the offset angle 𝜓 can also be taken into
account in Eq. (5-14) to correct the controller for the offset and thus improve the motion control
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performance. The user can estimate this offset angle in advance to obtain this offset angle for
feedback control. Alternatively, an adaptive controller that can adjust the motion deviation
gradually to correct the offset angle is also viable.

88

CHAPTER 6 CONCLUSIONS

In conclusion, this thesis illustrated the design, development, force mechanism,
implementation, and performance evaluation of a novel 3D magnetic tweezer system. This system
is the first in its kind to utilize 3D printing for fabrication of many of the components with new
design to make sample placement and retraction more convenient. The generation ability of
magnetic gradient field was validated with simulation and experimental data. Moreover, the
performance was also demonstrated using the studied force modeling in terms of 3D mobility.
At the early development stage, several experiments including directional control for 2D
motion were conducted and the feasibility of microrobot manipulation under multiple direction
magnetic forces was demonstrated in Newtonian and non-Newtonian fluid environments with open
loop control. The velocity and current relationship was also obtained for a single bead microrobot
under the magnetic force induced in the same location by single magnetic pole functionalization.
The velocity of microrobots could be changed by adjusting the input current. For microrobots in
the central area of the working space, the force superposition method is a very effective
approximation, however, this estimation becomes invalid if microrobots approach too close to any
of those magnetic poles as magnetic gradient field is not linearly distributed at the proximity of
magnetic pole tip, which leads to a large difference in the magnetic field gradient strength around
that area. Thus, we limited our working space in a small volume in the center of the hexagonal
shape, while it still outperforms all other designs in terms of size of the working volume as well
as on magnetic field generation ability aspect. The difference between number of magnetic
microparticles in microrobots also causes different velocities as those that assembled with more
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magnetic microparticles had a relatively stronger magnetic dipole moment. After the relationship
between microrobot area size and z-depth was established, post processing of trajectory for single
bead microrobot moving in 3D under arbitrary magnetic force was achieved, which allowed the
more complicated 3D motion control for our system.
On software level, the modeling and experimental application of closed loop control
algorithm for 3D micromanipulation was then developed. Experiments for both 2D and 3D control
were conducted and analyzed to illustrate the flexible controllability. 3D trajectories of microrobot
motion were generated by deploying the area size relationship mentioned above for z-motion
tracking in real-time experiment. The force generation ability was shown through analysis of
microrobot velocity using the equilibrium between magnetic force and viscous force from Stoke’s
law.
Experiment, and analysis for closed loop 2D/3D swarm control of microrobots were also
conducted. Experiment conducted with our system is the first to extensively investigate microrobot
performance with 2D/3D motion control under open loop and closed loop control strategies for
different tasks, such as achieving 3D complex trajectory, obstacle avoidance in non-Newtonian
fluid environment, and moving against microflow. The high magnetic force generation ability also
enables our system to achieve swarm control of microrobots in 3D, which works from other groups
cannot achieve. Demonstrations from our experiments show that microrobots with similar
properties can act homogeneously under a uniform input to reliably perform complex operations
such as arbitrary 3D motion even with the presence of microflow. The results provide guidance
for future development of control systems for microrobotics and will advance toward practically
controllable magnetically actuated microrobots in in vivo applications such as drug delivery and
cell therapy applications.
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Haptics integration with a magnetic tweezer system was later investigated. A large volume
of data communication between long distance in real-time was achieved. During operation, the
effective and near-optimal path was dynamically generated based on the user’s haptic control
input, while the combination of the attraction force from the selected microrobot, force feedback
given by the environmental objects, and path following force enabled the haptic operation to have
high accuracy microrobot control. Real-time visual feedback can also improve the navigation
performance and path tracking accuracy. Three experiments representing potential applications
were conducted, in which two systems were locate in Washington, D.C. and Dallas, Texas
(approximately 2,138 km apart), respectively. The demonstration of this remote control of the
microrobot application with haptic interaction is crucial to extending the utility of microrobotics
for future remote therapy and surgery scenarios.
The collaborative work on manipulation of homogeneous and heterogeneous Janus
microparticles using open loop and closed loop control was conducted to perform specific
trajectories. The effect of magnetization angle on Janus particle motion was investigated. This
work will be developed to have a feedback controller with the adaption of the magnetization angle
difference and will perform 3D feedback control.

91

CHAPTER 7 FUTURE WORK

While the magnetic tweezer system illustrated in this thesis can perform as a powerful
scientific tool for microrobot applications, the next essential step is to test its motion performance
in an in vivo environment, such as cell penetration experiments to manipulate microrobots within
complex cell environment for cell therapy, and in vivo swarm control of microrobots towards target
location with specific drug payload onboard for drug delivery. These tasks lead to another
challenging but necessary objectives: non-vision-based image acquisition, as the ordinary imaging
technique will not be able to extract location and state information of microrobot through the skin
or vessel membrane. Non-vision-based image acquisition is an essential part to have this work
developed for in vivo environments. It may not be limited to only in the scope of magnetic tweezer
system specifically, but it is necessary for the broader development of microrobotics for in vivo
applications, from which magnetic tweezer system will also benefit. Possible ways for achieving
this objective include, but are not limited to, constructing a magnetic field sensor array to cover
overall workspace in 3D for microrobot detection, and microrobot fabrication with preprocessing
of fluorescence for real-time detection under fluorescent microscopy. Also, the workspace and
power output should be extended if the subject involved in animal experiment is relatively large
or specific experiments require high power for stronger magnetic force.
For microrobot fabrication, more robust and reliable methods rather than random mixing
is desired to produce qualified microrobots in bulk. One possible way is through microfabrication
with several layers of templated patterns, which will enable the bulk production of microrobot with
diverse shapes and functions that can be customized during preparation stage. Also, bio92

compatible or bio-degradable material is in demand for implementing microrobots into living
experiment samples to fulfill safety requirements. Currently, most microrobots are fabricated with
magnetic metal material like iron alloy, cobalt, and nickel, which cannot be easily discharged from
animal body or effectively degraded inside it. Thus, it is crucial to conduct interdisciplinary
collaboration to utilize novel material that meets the safety requirement to further push the project
for practical application.
The haptics integration with the magnetic tweezer system can also be further improved for
fully 3D operation with 3D path planning and force feedback. Stability analysis can be conducted
using the passivity of the bilateral system with consideration of the practical time delay, which
helps the system to monitor and predict any delay during operation and make corresponding
compensation for it. This is necessary for long distance teleoperation architecture. On the software
level, dynamic path planning can also be improved by learning the arbitrary experienced human
user′s haptic operation with deep learning approaches such as long-short-term-memory (LSTM).
This approach will help improve tasks such as training course for surgery, remote surgery, and
error prevention feature to aid user on forming correct operation procedures to avoid potential
damage to patient or other subjects. New users can be guided through a series of training courses
by a highly skilled expert to get familiar with surgery procedures, which can save significant time
on training and build up standard regulations for specific surgeries. Also, though communication
delay in our experiment is not observed, it is still necessary to develop the system in a manner that
it can anticipate a doctor’s movement and respond to connection delay or offline with proper
actions during an actual surgery process. On the other hand, doctors can still be guided by the
system for each procedure and can be corrected if mistake or dangerous move is made.
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